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Abstract
Physical properties of GalnAsSb-based type-I quantum well 2.3pm and 2.6pm edge emitting 
lasers are investigated using spontaneous emission and hydrostatic pressure techniques. 
Temperature dependence spontaneous emission analysis on GalnAsSb/AlGaAsSb (1.6%) 
compressively strained EEL emitting at 2.3 pm shows that at least 81±5% of the threshold 
eurrent at room temperature is due to non-radiative recombination. It is also shown that Auger 
reeombination (CHLH and/ or CHSH) is the dominating non-radiative proeess. It is also 
shown that non-pinning of the earrier density above threshold causes the external differential 
efficiency of these 2.3 pm to decrease. There is also evidenee of defeet related recombination.
For the 2.6pm devices made of GalnAsSb/GaSb 1.7% eompressively strained quantum well, 
at least 97±2% of threshold at room temperature is due to non radiative recombination. It is 
also shown that Auger eurrent is the dominant proeess. There is also evidence of hole leakage 
and defeet eurrent in the 2.6pm EELs. To analysis show evidence of optical loss process 
suspected to be IVBA oecurring which may couple the effects of non-pinning of the carrier 
density above threshold to cause the decreasing external differential effieieney observed in the 
devices.
Investigation of GalnAsSb/AlGaAsSb 2.3pm VCSELs shows that the gain peak and eavity 
mode are aligned at T~260±10K. The analyses here suggest that for improved performance of 
the 2.3pm VCSEL, the gain peak should be shifted to higher energies by approximately 
lOmeV. For the GalnAsSb/GaSb 2.6pm VCSEL, the gain peak- eavity mode alignment is 
estimated to be at higher temperature (T=330±10K) while the temperature insensitive region is 
obtained at T~200±20K. It is estimated that by shifting the gain peak to higher energies (by 
approximately 8meV), the temperature insensitive region can be shifted to room temperature.
Spontaneous emission analysis on 5 stage “W” interband caseade lasers (ICLs)show that at 
least 93±2% of threshold current is due to non-radiative recombination. Pressure dependence 
of threshold current at lOOK, 200K and 293K suggest that Auger recombination is the 
dominant loss proeess and is significant even at low temperatures. Considering the complex 
valence band structure of the “W” ICLs, it is possible that the CHLH Auger proeess is 
oecurring even though the CHSH and CHCC are theoretically shown to be supressed. It is also 
shown that non-pinning of the carrier density above threshold causes the differential effieieney 
of the “W” ICL to decrease but IVBA may also be partly responsible.
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1 Chapter one: Historical background and reviews
1.1 Introduction
The word laser is an acronym for Light Amplification by Stimulated Emission of Radiation. The 
laser is made of a highly reflective optical cavity containing the active or gain medium eonneeted 
to a eurrent injection source. The laser concept is based on the de-exeitation of an electron from a 
higher energy level to a lower energy level with the release of a quantum of energy called the 
photon. The laser concept was originally proposed by Albert Einstein in his paper titled “On the 
quantum theory of radiation” in 1917 [1]. The laser proeess is made possible by an incident 
photon initiating photo emission. In such a process, the emitted photon is of equivalent energy 
and phase to the incident photon. The idea of amplification was first conceived and used by 
Charles Townes and J. P. Gordon who used the vibration modes of ammonia gas to amplify 
microwaves and create a maser (Microwave Amplification by Stimulated Emission of Radiation). 
The group actually initiated the basic ideas of optical cavity, optical feedback and population 
inversion for ensuring that the light amplification process is sustained [2]. Laser output is 
monochromatic, coherent and the emitted photons have an equivalent energy to the energy 
splitting between the two energy levels. The first functioning laser, the ruby emitting red light at 
694nm was demonstrated in 1960 by Maiman at Hughes Research laboratory [3]. Over the years 
many types of lasers have been developed with the same principle of operation but different 
materials in their gain medium. Examples of these lasers include, gas lasers (e.g CO2 laser), solid 
state lasers (e.g the ruby), exeimer lasers (e.g. molecular fluorine laser) and the semiconductor 
laser etc [4].
The semiconductor laser is a laser diode with a semiconductor material as its active region. The 
first semiconductor laser operation was demonstrated simultaneously in 1962 by two groups led 
by, Robert N Hall [5] and Marshal Nathan [6]. The first visible laser was demonstrated by N 
Holonyak in the same year [7]. The early devices were simple p-n homo-junctions whose 
performance were limited due to poor carrier and optical confinement as well as poor material 
quality and could only operate at cryogenic temperatures. More efforts to improve the diode laser 
performance continued and in 1970, Z Alferov, and H. Kroemer demonstrated the first 
continuous wave (CW) diode laser that operated at room temperature, this earned them a Nobel 
prize in the year 2000 [8, 9].
The. semiconductor laser has become exceptionally important in numerous applications by 
humankind. Many years after its invention, the semiconductor laser has developed significantly
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and its impact was summarized by Holonyak during the 40^  ^ anniversary of the diode laser as 
quoted below;
“In spite o f its unlikely and feeble beginning, as well as, to be sure, some basic 
limitations, the semiconductor laser has offered so much scientifically and 
technologically that its development over decades has been on a steadier and 
steeper slope than all other forms o f lasers. Whether as an edge emitter 
(radiatingfrom a “slot”) or a surface emitter (radiatingfrom a surface), it has 
prevailed. It is unique in its direct use o f electrons, holes, and photons—and is, 
moreover, an ultimate lamp. Although it is already an efficient high- 
performance device, it and its parent, the LED, still have room fo r much more 
study and improvement, fo r much further development”, Holonyak [10].
1.2 Applications of semiconductor lasers
Diodes lasers emitting at different wavelengths ranging from visible through near, mid- and far- 
infrared are now being developed and used for various applications. The InGaN blue-violet laser 
emitting at 405nm is used in blue ray players, the deep blue laser emitting at 445nm is now 
replacing the mercury lighting in data projectors and high definition DVD drives. The 532nm and 
808nm are used as pump sources for diode pumped solid state (DPSS) laser systems like the 
Nd:YAG, the laser mouse utilises an 848nm wavelength diode lasers[4]. AlGaAs-based lasers 
emitting at 1064nm, 1310nm, 1550nm and 1625nm are used in fibre-optic communication. 
Lasers are also used for car security systems, laser printing, and anti-artillery systems [11]. They 
are also used in industries for welding of plastics. Semiconductor lasers emitting in the mid- 
infrared region also have enormous use in gas analysis, environmental pollution monitoring, 
medical diagnosis and military applications.
In environmental sensing, gases such as methane, ethane, hydrogen chloride, nitrous oxide, 
formaldehyde, carbon monoxide and carbon dioxide etc. have strong vibration modes in the MIR 
region [7] (figure 1.1). These modes have frequencies which are associated with specific 
wavelengths in the infrared part of the spectrum. Compact diode lasers operating in this region 
are therefore potentially good sources for high resolution tunable diode laser spectroscopy 
(TDLS) used in pollution monitoring and gas analysis [12].
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In the field of medicine, the fiee electron laser emitting at 2-12pm is dentistry, cosmetic 
treatment, hair removal and photodynamic therapy. The Er: YAG emitting at 2.94pm is used for 
precise tissue ablation. Other medical uses include prostate treatment and photocoagulation. A 
similar technique to TDLS is employed and currently being researched for non-invasive medical 
diagnosis where a certain concentration of a gas (biomarker) is linked to some health conditions 
(see table 1) [13].
Therefore, since the absorption lines of these biomarkers are identified to fall within the MIR 
spectral region, the rich chemical content of the human breath can be analysed noninvasively to 
arrive at a person’s illness [13]. A list of some identified biomarkers and the health condition 
linked to them is given in table 1. Breath analysers for non-invasive diagnoses of diabetes and 
breast cancer are already being developed. Other uses of the mid infrared laser include medical 
surgery and therapy [14], as well as applications in surveying and ranging. Newly, developed 
laser spectroscopy systems using quantum cascade lasers are now under clinical study [15]. The 
systems have been used to sense NO, CO, (biomarkers for Asthma and chronic obstructive 
pulmonary disease) and CO2 (an indicator for bronchial dynamics). The MIR laser is also very 
useful in free space optical communication with lots of advantages including, ease of 
deployment, license free operation, high bit rates, low bit error rate, good atmospheric window 
and low cost among others. There are also lots of application in the military, such as missile 
jamming, and infrared counter measures [11, 12].
Table 1.1 Identified biomarkers, their associated health conditions and absorption wavelengths
Biomarker Health Condition l(p m )
Nitric Oxide (NO) Asthma 5.2
Carbonyl Sulphide (COS) Liver Function 4.8
Alkanes (C2H6, etc.) Breast Cancer 3.3
Formaldehyde (CH2O) Breast Cancer 5.7
Acetaldehyde (C2H4O) Cancer of the Lungs 5.7
Acetone (CgHgO) Diabetes 3.4
Ethane (C2H6) Oxidative Stress 3.4
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Apart from spectroscopic methods, other techniques have been used. For example, in gas 
detection there exist electrochemical sensors, magnetic detectors, chemical detection by 
florescence and catalytic detectors. The electrochemical sensor utilises the electrical properties 
(by oxidation) of samples and is used to measure the concentrations of gases such as O2, CO2 
and SO2 etc. but it cannot measure low concentrations (e.g. parts per billion) [12]. The 
catalytic detector is based on temperature change arising from exothermic reaction of 
combustion gases with oxygen and has limited applications.
Lasers have proved to be the most efficient sources of light for these applications, the problem 
presently is that existing lasers for these applications are not compact, operate below room 
temperature (RT) and are expensive. For example, the solid-state NdrYAG lasers are very 
expensive and have very low efficiency, the free electron laser is big and consumes much 
power, gas discharge CO and CO2 lasers are very big and consume a lot of power (~54kW) . 
Compact and more reliable replacements for these lasers are continuously being sought and 
much progress has been made in the last 20 years.
For most applications, the desire is to develop diode lasers that will operate in cw with low 
threshold current at ambient temperature and emit single longitudinal mode and have long life 
expectancy is fairly a standard for most applications. The laser should also have minimum 
susceptibility to changing environmental conditions [16]. The power requirement depends on 
the application; for sensing application, >2 mW of power may serve the purpose.
High efficiency semiconductor lasers emitting from visible to near-infrared wavelengths (0.63 
to 1.55 pm) are commercially available for applications in telecommunication and consumer 
electronics like fibre optic communication, compact discs and laser printers among others. 
These lasers are made from III-V semiconductor materials such as alloys of Gallium Arsenide 
and Indium Phosphide but it has however been very tricky trying to push them to lase in the 
mid infrared region. This is because as, bandgap decreases, carrier absorption losses and 
Auger recombination increases approximately exponentially as wavelength increases leading 
to poor performance [17]. Despite these challenges, the diode lasers are dominating the laser 
technology and market especially those emitting at wavelength below 2.0pm and above 5pm.
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1.3 Progress review of the mid-infrared diode laser
As mentioned above, due to the dominance of non-radiative recombination, obtaining 
diode lasers that emit in the mid-infrared wavelength range of 2-5 pm has being very 
challenging. However, lasers operating in this wavelength range at room temperature have 
received much attention recently due to their potential use for many applications in the fields 
of medicine, military, environmental monitoring and industry. The infrared section of the 
electromagnetic spectrum (EM) spectrum extends from ~700nm to -200pm and is divided 
into the near, mid and far infrared wavelengths range [18]. The mid infrared starts from about 
2pm to 8pm while the long wavelength infrared region extends from 8pm to 15pm, beyond is 
the far infrared. Other authors quote different boundaries for these regions. In this work, the 
mid-infrared region is taken to be the 2-5pmwavelength region. The main physical challenges 
for efficient lasing in the mid-infrared region are due to effects of hole leakage, optical losses 
such as inter-valence band absorption (IVBA), and the dominating Auger recombination in 
low gap materials [19, 20] .Many approaches have however been made towards development 
of mid-infrared diodes as presented in the following sections.
1.3.1 Mid-infrared double heterostructure (DH) lasers
Advances towards the development of the mid-wavelength diode lasers started in the late 
1970s. Reported devices were GaSb and InAs based double heterostructure (DH) operating at 
2.2pm and 3.1pm, respectively [1]. The DH laser is made by sandwiching a lower energy gap 
semiconductor material with lower energy gap materials as shown in figure 1.2. In 1985, the 
first RT operated mid-infrared laser was made of InGaAsSb active material [19, 21, 22]. The 
InGaAsSb was lattice matched to GaSb and was grown by liquid phase epitaxy (LPE). The 
main advantage of this quaternary system was (and still is) the ability to control its 
composition and at the same time change the band gap from 0.29eV to 0.73eV. This band gap 
change already gives a possibility to develop devices that will cover the 1.8-4pm wavelength 
range. The 2.3pm DH worked in pulsed mode and had a high threshold current density (Vf^ ) 
value of 13kA/cm^ value [23]. By 1988, InAsPSb grown on InAs substrate were demonstrated 
by Baranov and Akiba, the laser operated in continuous wave (cw) emitting at 2.5 to 3.9pm 
but did not work at temperatures beyond 77K and had a high threshold current density 
(6.9kA/cm^at 77K) as well [24, 25]. Apart from the bulk nature of the materials and Auger 
recombination issues, all devices grown by LPE had low differential quantum efficiency. With 
the emergence of metal-organic chemical vapour deposition (MOCVD), and later molecular 
beam epitaxy (MBE), there was significant improvement in the mid-infrared DH devices due
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to the growth of better quality material with more control. Materials such AlGaSb, 
AlGaAsSb, GalnAsSb, were grown with MBE and in 1991, the first room temperature CW 
operated DH GaSb based laser emitting at 2.2pm was reported [26]. The 2.2pm DH laser had 
a much lower Jth of 940A/cm^ at 77K compared to the 6.9kA/cm^ in earlier LPE grown 
devices. Much longer wavelength mid-infrared devices were also developed using PbTe and 
PbSe.
These lead salt devices operated at temperatures less than 78K initially but as growth 
techniques improved, they could operate in cw mode at temperatures beyond 223K and up to 
333K in pulse mode. They were the only commercially available infrared diode laser up to the 
end of the 1990s [27]. Their inability to operate at ambient temperature is still a big challenge 
[28].
Gold contacts
AlGaAsSb
GalnAsSb
} AlGaAsSb
GaSb
250^m
Fig. 1.2. The schematic structure of a GalnAsSb/AlGaAsSb double heterostructure laser 
1.3.2 The mid-infrared Type-1 quantum well in ter band lasers
The quantum well laser concept comes with many advantages over the DH laser. The DH laser 
emission wavelength is limited to the photon energy which is equivalent to the band gap of the 
active region [29]. This challenge is overcome in the quantum well by energy quantization 
which provides discrete quantum states in both the conduction and valence bands of the 
quantum well [30]. Also, the fact that the density of states function of a quantum well is such 
that a higher proportion of carriers participate in the laser process. It also has better carrier
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confinement. Detailed theory of the physics of the quantum well is explained in chapter 2 of 
this work.
In a type-I QW laser, both the CB edge and the VB edge of the active well layer are located 
within the CB and VB of the barrier material as shown in figure 1.3 [31]. Most mid-infi-ared 
type-I diode lasers are Sb-based. In 1994, a type-I QW laser made of InGaAsSb/AlGaAsSb 
emitting at a wavelength of 2pm was reported to operate at room temperature [32]. These 
lasers, operated at room temperature emitting ~2-pm and with low Jth of 143 A/cm^. Since 
then there has been much improvement, devices with higher temperature stability (Ttr-MOK), 
{To is a measure of the temperature sensitivity of the diode laser threshold current given as To= 
[dln//d7]’  ^ ) higli differential efficiency and lower Jth with wavelength of 2-2.3pm have been 
reported [33-35]. The wavelength is changed by varying the alloy and QW width. But the push 
to wavelengths above 2.3pm saw high performance degradation mainly due to the reduced 
valence band offset resulting to poor hole confinement and the dominance of CHSH Auger 
recombination process as jEg and approach resonance [18, 36, 37]. With the incorporation 
of strain in the QWs, GaSb-based QW laser performance was further enhanced [38] and 
emission wavelengths of up to 3.5pm have been reported [22, 39, 40]. Strained QW lasers 
emitting at 2.3 and 2.6pm at room temperature have been reported [41]. Recent studies show 
that the devices are still temperature sensitive as will be reported in chapter 4. A detailed 
explanation of the effect of non-radiative recombination processes and the effects of strain on 
QW lasers is presented in chapter 2.
Another concept to achieve longer wavelength mid-infi-ared diode lasers is by incorporating 
nitrogen (N) into alloys such as InAs and InGaAs grown on InP or GaAs substrate. Nitrogen 
has a high electronegativity (3.04) and small atomic size, thus growing InGaAsN on GaAs or 
InP reduces the band gap due to band anti-crossing thus shifting device operational 
wavelength to 2-5pm [42]. Experimental and theoretical studies on the III-V- N show great 
prospect for the development of diode lasers particularly in the 2.3-3.5pm wavelength range 
[43-45]. It is predicted that devices with N containing alloys will have large CB offset 
(>300meV respectively) for improved electron confinement and have high optical 
confinement. Unfortunately, no mid-infrared room temperature operating device has been 
reported.
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Fig. 1.3. Type-I quantum well band alignment, showing direct interband eleetron-hole
transition.
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Fig. 1.4. The Type-II quantum well band alignment, showing spatially indirect electron
hole transitions.
1-9
Waveguide
Waveguide
CB
VB
Active region
I
Growth direction
Figure 1.5 The Type-II broken gap quantum well band alignment showing the spatially 
indirect electron hole transition and lower energy electron QW CB edge.
1.3.3 MIR type II (staggered) QW lasers
Another approach towards actualisation of longer wavelength and more efficient devices was 
the use of the type II (staggered) band QW alignment. In type-II QW devices, only the CB 
edge is contained within the CB and VB of the barrier region as shown in figure 1.4 [46]. The 
carriers are spatially separated and electrons and holes recombine spatially indirect [47].
In principle, the efficiency of radiative recombination in type-II devices is reduced as a result 
of poor electron and hole wave function overlap, but it has been shown that under forward bias 
there is a coulomb attraction of the holes in the barriers by the QW confined electrons [48]. 
This increases the probability of holes near the QW edge, as a consequence the wave function 
overlap is increased enhancing the radiative recombination process. Type-II quantum well 
lasers have a high spin orbit split-off energy and as a result the Auger process involving the 
split-off band is eliminated. Usually made of Gain As Sb/GaSb, these type-II QW lasers have 
been reported to have good performance with smaller Auger rate (Gauger -5x10'^^ cm Vs at 
2.35pm) and there is a possibility of extending emission wavelengths beyond 2.8 pm. Type-II 
QW lasers at 2.36 pm and 2.65 pm have been reported with RT Jth values of 305A/cm^and 
3kA/cm^ respectively [49, 50] although with low To values of < 60K. Efforts to increase the 
emission wavelengths continued and in 1995 GalnSb/InAs/AlSb type-II superlattice lasers 
were demonstrated and they operated at wavelengths of 3.3 pm and 3.9 pm with a To of 170K 
and 84K, respectively [51, 52]. A comparison of the Auger coefficient of the type-I and type-II 
QW lasers is presented in figure 1.6.
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1.3.4 Type type-II broken gap (type III) QWs
The normal design for the type-II QW laser structure has its CB edge lying below the VB edge 
of the barrier (figure 1.5) [52, 53]. It is a similar arrangement to the type-II (staggered) QW, 
the difference here is that the spatial gap between the CB edge and the VB edge is broken and 
the CB edge of the electron QW lies below the VB edge of the hole QW. Optical transitions in 
the type-II broken gap are spatially indirect and in principle, the transition energy can be 
reduced to zero by increasing the QW width. Type-II broken gap mid-infrared lasers based on 
InAs/AlSb and InAs/GalnSb Superlattices emitting at wavelengths of 2.3 to 3.9jum have been 
reported but with low To (~45K) and quantum efficiency [53-55].
A special form of the type-II broken gap laser is the “W” laser. It utilises two InAs electron 
QWs sandwiching a GalnSb hole quantum well forming a W-like geometrical band structure 
as shown in figure 1.7. The “W” laser concept was first proposed by NRL in 1994 [47]. The 
first optically pumped “W” laser (1=3.5pm) was reported in 1996 [56] and in 1999 the first 
“W” interband mid-infrared laser was reported (1=3.4pm) [46]. From the year 2000, several 
groups demonstrated electrically pumped “W” diode lasers. Prominent groups such as Samoff, 
Maxion, and the University of Montpellier have developed “W” lasers operating in the mid- 
infrared region at room temperature and above.
.-25
Type-I iny^ Sb V _ - V "  "
In A sS bQ W '  V A
D -'
</)(O ,-26EÜ InAsHgCdTe
c
Ü Type-II,-27
0)o
Ü
InGaAs / '0)O)3<
1-28
A  InGaAsSb Q W
' InGaAsP 
A InGaAs QW
1-29
Fig. 1.6. A comparison of Auger recombination coefficients for the type-I and type-II
QW lasers. Reproduced from ref [57].
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Figure 1.7 The “W” laser band structure showing electron hole transition and the “W’ 
band geometry. Reproduced from ref [57].
1.3.5 “W” interband cascade laser (ICL)
The “W” ICL is a special form of the type-II broken gap QW laser which employs multiple 
“W” QW structures in its active region in the form of a cascade. The transitions in the ICL are 
interband but carriers are recycled, thus it should have higher differential efficiency. This 
approach combined with the type-II “W” band structure has proved to be very successful; at 
present room temperature operated “W” ICLs emitting in the wavelength range of 3-4.1pm 
have been reported [47, 58-60]. Lasers with this active region have lower Jth and Tq of 
approximately 45K-60K [46]. The “W” ICL design has been shown to have a reduced 
probability of Auger recombination [61].
While the dominant loss processes are not yet determined, one expects that Auger events
involving a hole and two electrons (CHCC) should be reduced by the lower in-plane mass for
holes near the valence band maximum achieved by growing compressively strained layers.
Also, the Auger process involving the conduction band electron and the hole in the heavy hole
band and spin orbit split off band (CHSH) is eliminated due to the large spin-orbit band
separation obtained for the InAs/ GalnSb quantum well type II band alignment [59, 61]. This
“W” ICL structure reported by Meyer et al [59, 61] as presented in figure 1.8 had specific
characteristics of strong eleetron-hole wave function overlap leading to enhanced gain. Also
the inter-well tunnelling relies on light holes and not heavy holes; the AlAsSb barriers have
high band gap and confine carriers efficiently. It also provides a large index step for optical
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confinement and there is a series of InAs/AlSb superlattice layers that prevent hole leakage 
from the active QW while aiding electron injection to the preceding cascades.
The first ICL employing type-II quantum wells was demonstrated by the University of 
Houston and Sandia [62], the device had a 7Lax=170K at 3.8|Lim. NRL eollaborations with the 
University of Houston helped to push the maximum operating temperature to 286K with 
emission wavelengths at 4.5pm [63]. The first room temperature operated “W” ICL was 
demonstrated by Maxion group, their deviee operated at 3.5pm Tq of ~ 41K for 80K< T < 
200K. Other groups in the world sueh as the Jet Propulsion Laboratory (JPL), and Army 
Research Lab all in the USA have also done significant work on the “W” ICL [64, 65]. A 
summary of the improvement of “W” ICL in terms of maximum cw operating temperatures 
and threshold eurrent density is presented in figures 1.9 and 1.10 respectively.
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Figure 1.8 A section of the “W” ICL showing one stage and electron hole reeombination 
path. Reprodueed from ref[57].
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Figure 1.9 Maximum operating temperatures (TLax) of the “W” diode and “W” ICLs from 
2000 to 2011 [66-68]
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Figure 1.10 Jth of “W ” diode and “W” ICL developed at NRL. The 5-stage “W ” ICL 
fabricated in 2008 are studied and reported here in ehapter 5 of this thesis 
[66-68].
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Recently studied 5-stage “W” ICLs emitting at 4.1pm still are found to have deereased 
differential efficiency at room temperature, Jth dominated by Auger recombination having an 
almost constant To of 45K [68]. There are high prospects of that these “W” ICLs will soon be 
optimised to cover the critieal wavelength range of 2.4 to 4pm having achieved room 
temperature operation.
1.3.6 The mid-infrared quantum cascade laser (QCL)
The quantum cascade laser is a unipolar device utilising a periodic series of thin layer QWs 
forming a superlattice with an eleetric field across the series of QWs [69]. Optical transitions 
occur from a higher energy subband to a lower energy one and by resonant tunnelling; injected 
eleetrons make their way through the cascades emitting photons at each stage or layer. 
GalnAs/AlInAs/InP QCLs emitting at 3.4-5.2pm at room temperature have been reported [70, 
71]. Efforts to obtain room temperature lasing with QCLs emitting at wavelengths below 
3.4pm continued and recently, a cw operated QCL emitting at 3.3pm with a TLax of 350K has 
been reported [72]. InAs/AlSb based devices grown on GaSb emitting at 3 pm have been 
reported, however it could only lase at a maximum temperature of 84K and had a high Jth of 
3kA/cm^. The main problem in QCLs is the band offset of the well to the barrier material, 
whieh has to be much bigger than the inter-subband transition energy to prevent electron 
leakage. Thus, the CB band offset actually limits the operational wavelength range in a QCL 
[73]. Inter-subband absorption in the wavelength range of 1.5-4pm in GaN-based Superlattices 
has been reported but devices have yet to be reported [74] even though the material is found to 
provide a large band offset. Another limiting faetor of the QCLs is the fast phonon assisted 
relaxation time of carriers between sub-bands leading to low radiative efficiency and device 
heating. There are also reports of carrier leakage to the L-valley in short wavelength QCLs 
[73].
1.3.7 Mid-infrared Quantum wire and quantum dot lasers
Theoretically, it can be explained that with the reduced density of states in quantum 
wire and quantum dot active regions, lasers with these active materials should ideally be more 
temperature stable, have high differential efficiency and low Jth. The actual situation is 
however different, sinee there has been no demonstration of mid-infrared quantum wire laser 
deviees [75] even though photoluminescence studies on GaAs/AlGaAs based QWRs show 
emission at mid-infrared wavelength [19]. Mid-infrared InAlAs, InAsSb and InAsP based QD 
lasers have been reported but the maximum operating wavelength was limited to 2pm [76]. 
Self-assembled InAsSb/InP based QDs emitting around room temperature have been reported,
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but do not perform better than quantum well lasers. Mueh research is needed especially to 
address the issues of material quality to develop optimised mid-infrared QWR and QD 
devices.
1.4 Significance and Scope of the Research
Having just elaborated the progress made to develop and optimise the mid-infrared diode 
laser, the challenges of achieving mid-infrared lasing are elear. Enormous applications await 
the actualization of the temperature stable mid-infrared laser. Seientific research is therefore 
needed in the areas of materials for mid-infrared devices, growth teehniques, device 
performance and characterization. Many research groups in the world are concentrating on 
developing reliable, RT operated cw mid-infrared semieonduetor laser sources for use in the 
applications mentioned earlier. Experimental investigation of recently produced MIR lasers 
will help understand the underlying material and device physics which is key to device 
improvement. In this work, physieal properties of reeently fabricated mid-infrared diode lasers 
are investigated experimentally.
Devices studied include type-I GalnAsSb/AlAsSb QW edge emitting lasers (EEL) and two 
vertical cavity surface emitting lasers (VCSELs) of nominally the same active material 
emitting 2.3 and 2.6pm at room temperature. Investigating the device properties of the EELs is 
of dual importance; (1) sinee they utilise the same quantum well material in the aetive as the 
VCSELs, intrinsie properties of the EEL would be similar to those of the VCSEL and will be 
inferred when analysing the VCSEL properties and (2) results obtained from this study will 
provide more information to help understand the gain-cavity mode detuning of VCSELs. Even 
though both VCSELs operate at room temperature, there is more to be done in order to 
optimise their performanee. Understanding the interplay of the VCSEL’s gain peak and cavity 
mode as a ftinction of temperature is very important. Also, it is necessary to know the 
recombination processes dominating in the VCSELs to enable control of the laser threshold 
current. All these properties have been investigated and efforts made to explain the physics 
needed for device improvement leading to new efficient light sources for spectroscopic 
sensing of gases such as CO at 2.3pm.
Also studied is the “W” ICL emitting at 4.1pm at room temperature. This is a very important 
wavelength for applieations in medicine, air pollution monitoring and gas analysis. 
Temperature dependence and high pressure techniques have been used to evaluate the loss 
meehanisms in these devices for charaeterization and optimization purposes. Since these “W”
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ICL are new and still being developed, their physieal properties are yet to be fully understood. 
Therefore, results from this work will be of use to both the academic and semiconductor laser 
industry. This would lead to fabrication of very compaet and efficient devices for detection of 
gas pollutants such as Methane at 3.3pm and CO2 at 4.4pm.
1.5 Thesis outline
In the next chapter (Chapter two), the basic and fondamental physics underlying the material 
composition, device fabrication and operation of semiconductor diode lasers is presented. This 
includes a detailed explanation of the interaction of light with matter. Emphasis is given to 
photon absorption, spontaneous and stimulated emission in a semiconductor material as it 
relates to laser operation. The derivation of rate equations for these processes is also given. 
The condition for the lasing process (population inversion) and the importance of laser gain 
and laser cavity is also elaborated in this chapter. The density of states (DOS) and 
dimensionality for bulk, quantum well and quantum dots is also presented in this seetion 
including different approaches towards earrier and optieal confinement.
The chapter also presents the physics of recombination and loss mechanisms in a diode laser; 
processes such as radiative recombination, non-radiative Auger process, carrier leakage and 
inter-valence band absorption and their effects on device performance are given. The 
eoncluding section of chapter two captures theory of the formation of quantum wells and 
superlattices as it relate to both the QW lasers and the “W” interband caseade laser. Detailed 
strueture of VCSEL including its gain cavity, distributed Bragg reflectors and the interplay of 
gain peak and cavity modes in VCSELs is presented. There are highlights on some 
measurable eharaeteristie parameters of diode lasers, their importance and how they are 
measured or deduced from experiments.
In Chapter three, the experimental methodologies for all the experiments earried out in this 
work are presented. Detailed experimental procedures for temperature dependenee 
measurements, pressure dependence measurements and spontaneous emission measurements 
as used in this work are presented. There is also a brief introduction to the instrumentation and 
apparatus used in the experimental setup.
In chapter four, details of deviee structure and growth for the 2.3pm and 2.6pm edge 
emitting lasers is presented. This is followed by experimental results and analysis on these 
deviees. Starting with the 2.3 pm EEL and then the 2.6 pm, L-I characteristics and 
temperature dependence of the laser threshold current and wavelength in the temperature
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range of 80 to 300K are presented. The spontaneous emission measurements and analysis are 
presented for both devices accompanied by the evaluation of pereentage contribution of 
radiative and non-radiative contribution to Jh in both devices. Also reported is the pressure 
dependence of the and wavelength for the two device structures. Finally, the external 
differential efficieney is presented and a performance evaluation of the two devices based on 
the wavelength is made. In this chapter, we show that Auger recombination, defects and 
carrier leakage are the main faetor degrading the performanee of the studied 2.3 pm and 2.6pm 
QW lasers.
Chapter five concerns VCSELs emitting at 2.4pmand 2.6pm. Experimental results on 
VCSELs emitting at 2.4pm and 2.6pm.are presented. Results of temperature and pressure 
dependence of both Jh and wavelength for both devices are presented. Also presented in this 
chapter is the gain peak and cavity mode detuning analysis for both the 2.3 and 2.6 pm 
VCSELs. It is found that gain peak and cavity mode detuning combines with intrinsic Auger 
recombination to determine the temperature sensitivity of the VCSEL. The chapter concludes 
with a eomparison of physical properties of the two VCSELs
Chapter six presents studies on “W” interband cascade lasers. Detailed structure and 
operation of the 5-stage “W” ICL is given. Similar experiments performed on devices in 
chapter four have been carried on the “W” ICL and reported in this ehapter. The unique 
temperature dependence of the “W” ICL’s Jh and wavelength tunability is shown. The 
interesting analysis on the “W” ICL pressure dependence of Ith and wavelength are also 
diseussed here. Finally, the temperature and pressure dependence of external differential 
efficiency is presented and analysed. We show in this chapter that non-radiative recombination 
accounts for at least 93% of 7th at RT.
Chapter seven is the summary and conclusion with suggestions for future work.
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2 Chapter two: Background theory
2.1 In troduction
This chapter highlights the fundamental theory and physics of operation of semiconductor 
lasers. This includes the operational requirements for diode lasers, laser effieiency and factors 
that degrade their performance. Basic diode laser characteristic properties such as threshold 
current, external differential efficiency, characteristic temperature, laser emission spectrum 
and spontaneous emission are discussed. The chapter also discusses the structure and 
operation of buried tunnel junction vertical cavity surface emitting lasers (BTJ-VCSEL). The 
theory presented here is based on established and published coneepts in many text books [29, 
31, 77] and other materials referenced in [74-87].
2.2 The concept of band  gap and  effective mass
A semiconductor is a crystalline solid of low band gap with electrieal eonductivity less than 
that of a good conductor but more than that of an insulator. At QK the valence band of a 
semieonduetor is full of electrons while the conduetion band empty. As temperature is 
increased, carriers in the valenee band get excited to the conduction band. The difference in 
energy between the bottom of the conduction band and the top of the valence band is referred 
to as the band gap. The bandgap energy is usually expressed in electron volts (eV). An eV  is 
the kinetic energy of an eleetron when it aecelerates through a potential difference of 1 volt. 
Band gap is a forbidden energy range in which energy states cannot exist. The distribution of 
eleetron energies is based upon a ffee-eleetron by a parabolic dispersion model approximated 
by plotting the same E-k relationship of equation 2.14.
E{k) = ^ ^  2.1
2m *
Where, k is the crystal momentum, m* is the effective mass of electrons.. The bandgap in 
crystals arises from constructive interference of the eleetron waves atA: = ± ^ ,  (a, is the atomic
spacing) forming standing waves with zero velocity with two solutions at this k value, 
corresponding to bonding and anti-bonding. This creates the forbidden gap. The Band gap of 
bulk semieonductors changes with temperature aeeording to the Varshni relation [32] of 
equation 2.2.
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aT^
E ,Ç n  = E^(0) 
■ ' 2.2
Eg{0) is the band gap at T=OK, a and p are material constants describing the parabolie 
dependence of the energy gap on temperature.
In a pure (intrinsic) semiconductor material, the number charge carriers (electrons, n and 
holes, p) are determined by the crystal properties of the semieonduetor material. In such a 
material, the number of electrons in the eonduction band (CB) and holes in the valence band 
(VB) and electrical conductivity is due to crystal defects of thermal excitation. The carrier 
concentration in an intrinsic semiconductor is given by equation 2.3.
n .p - n ^ i  2.3
A hole is an eleetron vacancy. A semiconductor can be j9-type or «-type depending on 
whether it has more number of holes or eleetrons respeetively. The addition of impurities to 
semieonductors creates the imbalance in eleetrons or hole in a semieonduetor and the process 
is called doping. The impurities are called dopants while the resulting semiconductor is either 
p  or «-type depending on whether the dopant introduced an acceptor (excess hole/p-type) or 
donor site (excess electron/n-type) in the semiconductor crystal.
The concentration of electrons in the CB and holes in the VB is a function of the densities of 
state, p(E) (defined in section 2.3) and the eleetron occupation probabilities, F(E) given by 
the Fermi- Dirac distribution of equation 2.4 [29].
Where, p  is the chemical potential whieh equals the Fermi energy at T= OK and is referred to 
as the Fermi level Epch for eleetrons/holes in a semiconductor. Fermi level for eleetrons 
(holes) is the energy at which the probability of finding an electron (hole) is 50%.
2.2.1 Effective mass
Effective mass of electrons (w*) is the mass an eleetron seem to possess as it travels in a
crystal. The effective mass arises from the effect of the periodic potential on an electron
travelling through a crystal. It describes the eurvature of the band in which electrons and holes
move. The effective mass depends on the direction of electrons in the crystal. A plot of E-k
diagram (shown in figure 2.1) for a bulk direct band gap material yields parabolic bands for
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both conduction and valence bands. The effective mass is inversely proportional to the 
curvature of the band and is can be expresses as equation 2.4, the smaller its effective mass, 
this implies that the effective mass of electrons in the CB is lower than the effective mass of 
holes in the VB in III-V semiconductors.
2.5
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Figure 2.1 E-k diagram for electrons and holes in a bulk semiconductor material
2.3 Density of states and carrie r concentration
In semieonductors, it is very important to know the number of available and occupied states 
per unit energy. The states in the band of a semiconductor and their dependence on energy (E) 
are deseribed by the density of states [p{E) ] and the Fermi- Dirac distribution as was shown 
in the last section. The p{E) in a semiconductor material is the number of available states per 
unit energy and volume interval. The carrier concentration {n) for a given band is obtained by
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multiplying p{E) with the Fermi function f(E) and integrating it over the band edges as given 
in equation 2.6 for the CB.
In a bulk material, carriers are not confined and ean move in all 3 dimensions, the density of 
states for a bulk material equation 2.7. The schematic diagram showing the 3-D structure and 
energy versus density of states is shown in figure 2.2a.
n = ^  {E) F {E )d E  2.6
2.7
[  h J
m* is the effective mass of electrons and E  is the band gap energy. For quantum wells, carriers 
are restricted in one dimension and can only move in 2-D and the density of states is 
independent of energy, and depends only on the effective mass and well width (L^) for a 
quantum well as shown in equation 2.8. The schematic diagram showing the 2-D structure and 
density of states is shown in figure 2.2b.
I tûi' 2.8
In the quantum wire, carriers are restricted in two dimensions and only move in one 
dimension. The density of states for a quantum wire has an inverse energy relationship given 
in equation 2.9.
2.9
Where. —
2-2  f  2^ -2 ^
  V  —
T '  4 /
The schematic diagram showing the 1-D structure and density of states is shown in figure 
2.2c. The quantum dot is a zero dimensional system with a continuous density of states which 
is independent of energy given by equation 2.10. The schematic diagram showing the 0-D 
structure and density of states is shown in figure 2.2d. As proposed by Arakawa and Sakaki 
[76] quantum dot lasers should have lower threshold current and achieve temperature 
insensitive operation. But due to low gain, longer devices are usually processed hence their 
purported high
2 -2 2
i,j,k
2.10
S{E -  E. ) is a delta function.
E
P (b)
1 - D
/1
(c)
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(d)
Figure 2.2. The dimensional structure and energy versus density of states diagram for (a)
3-D (bulk material), (b) 2-D (quantum well), (c) 1-D (quantum wire) and (d) 0- 
D (quantum dots)
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2.4 Q uantum  confinement
As explained in section 2.3 in quantum well structures, carriers are restricted in the growth 
direction leading to the formation of a series of discrete energy levels. There are three main 
advantages of this quantization; the quantization energy shifts the effective band edge to 
higher energies making bandgap engineering easier, and the density of state becomes 
independent of the band gap energy. This gives room for fabrication of longer wavelength 
deviees by just changing the well width and composition. The expression for a simple 
approximation of the discrete energy levels for an infinite quantum well is shown in equation 
2.11. Equation 2.11 implies that the smaller the width of the quantum well, the higher the 
subband energy separation. Similarly, lower the effective mass /»* implies higher the subband 
energy separation.
E =
n
2m*
2.11
The quantum well laser is made by sandwiching a lower bandgap material with higher 
bandgap materials in form of a double hetero structure but the width of the sandwiched 
material is equivalent to the de Broglie wavelength (~10nm) of the eleetron.
2 ~ ,m
2 m
<■
^  7 T ^
71
Figure 2.3. Discrete energy levels in an infinite quantum well.
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2.5 Photon-interaction w ith carriers  in a sem iconductor
When photons of energy E  interact with carriers in a semiconductor, the photon causes a 
transition of constituent carriers from one energy band to another leading to either a release of 
another photon or absorption of the interacting photon. Considering a semiconductor with 
filled electron states in the conduction band (hence forth referred to as CB) of energy Æ^and 
empty states in the valence band (hence forth referred to as VB) of energy Ei, three possible 
ways have been identified by which electrons in the two bands can interact. These interactions 
are; absorption, spontaneous emission and stimulated emission and are schematically 
presented in figure 2.4. The relationship between the band energies and the photon energy is 
given in equation 2.12
E ^ - E ^ = E  = hu  ■ 2.12
Where E, is the photon (transition energy), h is plank’s constant and v is the firequency of 
photon.
2.5.1 Absorption
In an absorption process schematically shown in figure 2.4(a), the energy of an incident 
photon is absorbed by an electron in the VB of energy Ei, the electron is excited to the CB of 
energy E2 . The pre-condition for this process is that, the incident photon energy E n  will 
satisfy the condition of equation 2.12. The probability of absorption is proportional to the 
density of electrons in the VB, the density of un-occupied states in the CB and the photon 
density. The rate of absorption for such a system is defined by equations 2.13.
^ 1 2 = -8 l2 P v /.( l- /c k W  2.13
Where, PQiv) is the density of incident photons and B 12 is the Einstein’s absorption rate
coefficient, and are the densities of states for the VB and CB respectively, fc and/ ,  are the
probability distribution of the electron and holes described by the Fermi-Dirac distribution 
function for electrons in the CB and empty state in the VB and are explained in detail in 
section 2.6.
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Figure 2.4 Two state energy level model showing (a) absorption, (b) spontaneous emission 
and (e) stimulated emission.
2.5.2 Spontaneous emission
Spontaneous emission occurs when an eleetron loses energy and transfers from the CB to VB 
emitting a photon of energy E21 satisfying the condition, in the process illustrated in figure 
2.1(b). The cause of spontaneous emission is attributed to the interaction of the electron with a 
virtual photon. The rate of decrease of the electron number density of electrons in the CB 
(spontaneous emission rate) during spontaneous emission process is given by equations 2.14. 
The probability of spontaneous emission is proportional to the density of electrons in the CB 
and empty states in the VB.
^ 2 1  = ^ 2 i P c y L ( l - A ) P v
Where, ^21 “  /r,p h i^s the spontaneous emission lifetime.
2.14
2.5.3 Stimulated emission
Stimulated emission occurs when an incident photon causes an electron in the CB to transfer 
to the VB, releasing a photon. The energy of the incident photon must satisfy equation 2.12. 
The incident photon is not absorbed in this case but it leaves the system with the emitted 
photon as pure monochromatic light, it also has equivalent energy, frequency and phase to that
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of the incident photon. The rate of stimulated emission is proportional to the density of 
electrons in the CB, the density of empty states in the VB and the photon density P(/zv) and
can be expressed by equation 2.15.
2.15r^=B^ ,pjX^ -f,)pAhy)
o  _3
It has been shown that, Bi2=B2i=B [30] andTj, = B-p-^n^[hvJ.
(Ac/
2.6 The p-n junction
When p-type and M-type semiconductor materials are joined together, a p-n junction is formed. 
When they first come in contact, free electrons from the n-type diffuse across the junction and 
combine with holes to form negative ions leaving behind positively charged ions. This process 
depletes the holes in the p-region and electron in the «-region near the junction creating a 
region of space charge build-up called the depletion region. Eventually, a steady state is 
reached such that further diffusion of electron is opposed by an in-built potential resulting 
from the space charges [78]. At equilibrium, the Fermi levels of both the p  and «-type 
materials are continuous across the junction. The p-n junction behaves in a different way to 
either a p  or «-type semiconductor and it has properties that are very important in making of 
semiconductor lasers. When a p-« junction is forward biased, the in-built potential reduces and 
electrons easily diffuse in to the junction region. This leads to the separation of the Fermi level 
at the junction into quasi Fermi levels Ef„ (for electron) and Efp (for holes) as shown in figure 
2.6. Also, at the junction, the electron can recombine with a hole radiatively-emitting a photon 
or non radiatively [79]. This is the concept by which the semiconductor laser is made. 
However, for a laser diode, a Fabry-Perot cavity is required for optical feedback and optical 
gain. The amplification of electromagnetic radiation and the condition for laser action is 
described in the next section.
According to Boltzmann’s distribution, at thermal equilibrium carrier concentration obtained 
from equation 2.6 for electrons and holes is given by equations 2.16 and 2.17.
( E r - E ^
« = «;. exp
p  = «. exp
kT
f E - E J . ^
2.16
2.17
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Figure 2.5 A zero biased p-n junction in thermal equilibrium. Showing electron and hole 
concentrations, charge density Q, the electric field E and the built-in voltage 
AV [29].
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Figure 2.6 Energy band diagram of a p-n junction showing the quasi-Fermi levels for 
electrons (Æ&) and holes (Efp)
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Under carrier injection, the minority carriers on both sides of the junction are changed and 
equation 2.3 will not hold thus equation 2.16 and 2.17 will also change to account for the 
quasi Fermi splitting.
Bernard and Duraffourg expanded the Fermi-Dirac distribution with the inclusion of the quasi 
Fermi level Ef„ and Efp_ The corresponding quasi Fermi level dependent Fermi functions are
ex p
k T
+  1 2.18
2.19
e x p
kT
+  1
Accordingly. 
n = exp
kT
2.20
p  = n. exp
kT
2.21
2.7 F abry-Pero t L aser Cavity, optical feedback and  L aser gain
In a laser, there is need for the photon density to be sustained to maintain a higher probability 
of stimulated emission. The mechanism of optical feedback is typically achieved by multiple 
reflections (feedback) of emission in a Fabry-Perot (resonant) cavity. A Fabry-Perot cavity has 
mirrors on both ends as shown in figure 2.7. The cavity in semiconductor edge emitting laser 
(EEL) is formed by cleaving (and sometimes coating) the laser bars along its crystal planes. 
This normally yields an as-cleaved reflectivity 7? of ~ 30% which arises fi*om the refi-active 
index difference of air and the semiconductor material. The reflection on the side of the laser 
bar is reduced because the laser is mechanically scribed. In vertical surface emitting lasers 
(VCSELs), the cavity is formed by highly reflective (R~99.9%) distributive Bragg reflectors 
(DBR). Details of DBRs will be explained in section 2.14.1. Due to the resonance condition at 
normal incidence, a standing wave is formed when the cavity length is equal to integer number 
of half wavelengths, such that;
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XljL = m — m = 1,2,3.
AX = il
222
Where, ju is the refractive index of the cavity, m is the number of modes, Lcav is the laser 
cavity X is the laser wavelength and AX is the longitudinal mode spacing.
From equation 2.18, it can be shown that a cavity of length Lcav can support a maximum lasing 
wavelength of X = 2 /Æ _  with mode spacing AX  .
Reflected light
MirrorsEmitted light
Figure 2.7 The schematic diagram of a Fabry Perot cavity
Cavi y modesCavity modes
gain
lOOnm0.5nm
X (nm) X (nm)
Figure 2.8. Schematic presentation of material gain and mode spacing in (a) Edge emitting 
laser and (b) VCSEL
Gain is a measure of optical amplification. The optical gain due to stimulated emission is 
reduced by absorption as the light travels through the cavity. As photons are generated and
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transmitted through the gain medium, the optical wave grows provided the gain conditions 
are met. The gain profile of a semiconductor is illustrated in figure 2.8. For quantum wells, 
gain is given by equation 2.23.
g  = go In—
Where, n is the carrier density and ritr is the carrier density required to achieve transparency.
For the intensity of the optical wave to grow (optical gain) as it travels through the 
semiconductor, the rate of stimulated emission must exceed that of absorption {R2i>Ri2), this 
is referred to as population inversion. As carriers are injected into a laser diode, the separation 
of the quasi Fermi level increases and when the separation equals hv, the rates of absorption 
and stimulated emission cancels. This is laser transparency and for lasing the condition of 
equation 2.24 also known as the Bernard - Duraffourg condition must satisfy, that is; R21 = Rn- 
By substituting equations 2.18 and 2.19 for fc and fy respectively into equations 2.13 and 
2.15, the transparency condition is obtained as shown in equation 2.24.
— Epp = h v  = Eg 2.24
2.8 L aser threshold
The laser threshold is the minimum excitation at which the laser output is dominated by 
stimulated emission. The threshold is reached when the laser’s optical gain equals the losses 
encountered by the optical field propagates in the laser cavity. At threshold, any additional 
carrier injection should ideally participate in the stimulated emission process, hence carrier 
concentration should pin. The losses experienced by the optical wave in the laser cavity after 
one round should be equal to 1. Thus for a Fabry-Perot cavity of length Lcav, with internal loss 
of ai and mirror reflectivities Ri and R2 the threshold gain gth can be expressed by equation 
2.25 and evaluated as given by equation 2.26.
RxRi exp(2Fg,^4^^ )exp(- 2«.T^^ ) = 1 2.25
1
S t h ~ - -In
'^ c^av
+  CC;
2.26
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r  is the optical confinement, Ri and R2 are mirror reflectivity and «/ is the internal loss. The 
internal loss is due to scattering losses, inter-valence band absorption and jBree carrier losses. 
The detail explanation of these losses is presented in section 2.11.
At threshold, the closest mode to the peak of the material gain will lase. In an edge emitting 
laser, other neighbouring modes will also be seen in the laser spectrum because of their 
closely spaced nature (as small as ~ 0.5nm), but the case is different in surface emitting lasers 
which have a short cavity length (with large mode spacing-lOOnm) as will be explained later.
2.8.1 Threshold current Ith
This is the injection current at which stimulated emission starts to dominate the emission from 
a laser diode. Thus it is the current at which the laser diode begins to lase and the light output 
increases significantly. Before this threshold point, the diode emits like an LED. It is expected 
that Ith of laser diode should be as low as possible to maximise it efficiency. Also of 
importance is the sensitivity of Ith to device operating temperature. The plot of light output {L) 
against injection current (7), known as the L-I curve for a laser diode shown in figure 2.9 is 
therefore very important as it clearly shows both the LED (spontaneous emission section) and 
laser behaviour as well as threshold current of a diode laser. Above threshold, the slope of the 
L-I curve (usually referred to as the slope efficiency) is proportional to the external differential 
efficiency. As presented in a simple threshold current model of equation 2.27, the threshold 
current of a diode laser depends on the carrier recombination processes or paths such as 
monomolecular, radiative and Auger recombination. Recombination at defects {An) is 
negligible in high quality materials. The laser threshold current density Jth is preferred when 
comparing the lasing threshold of different devices. Jth is obtained by dividing the Ith by the 
cross-sectional area A of the diode current pump region. In this work, the various components 
of Ith of studied devices will be probed using well established techniques that are presented in 
chapter three.
= eV {Ah + Bn^ + Q t' I 2.27
where, e is the electron charge, V is the volume of the active region A, B and C are 
recombination coefficients of the monomolecular (recombination at defects), radiative and 
Auger recombination, respectively. Detailed description of these recombination processes is 
presented in section 2.11.
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Figure 2.9 Laser light output-eurrent (L-I) eharaeteristies of a 2.3|xm EEL.
2.9 C a rrie r  and cu rren t confinem ent
In ehapter 1, a review was made of how diode lasers developed from a homojunction to the 
stage it is today. The main changes that improved the device quality and performance had to 
do with dimensionality and optical confinement. In a homojunetion, electrons and hole 
recombine close to the p-n junction. Since the junction does not provide any significant step in 
the energy potential, electrons and holes can easily diffuse out of the region in a non-uniform 
way thus reducing the gain [5, 10, 80]. Due to this non-uniform spread of carriers, gain 
guiding is also poor. The schematic structure of a homojunetion is shown in figure 2.10. This 
implies that the threshold current density of these homojunetion lasers is increased compared 
to double heterostructure (DH) and QW devices. Also the small refractive index step at the 
junction is a disadvantage in terms of wave guiding which couples with the poor carrier 
confinement to degrade performance of the homojunetion lasers. In a double heterostrueture 
the bandgap of the cladding layers is higher than that of the active region, therefore a potential
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barrier confines electrons and hole to the active region. But because electrons and holes in the 
active region have a larger area to diffuse and are in all 3 dimensions, the efficiency of the DH 
is also low compared to the lower dimensional devices like quantum wells and dots. It is 
noteworthy that increasing carrier concentration also increases the refractive index in the 
active region; while this could confine the optical wave (gain guiding) it is not very effective 
in the homojunetion due to unrestricted spread of carriers at the junction. The quantum well 
laser concept, shown in figure 2.12 has better carrier confinement which is due to the large 
potential barriers of the well with respect to the well barrier. This confinement reduces the 
threshold current density in quantum well lasers.
Most practical semiconductor lasers are pumped electrically. During diode laser fabrication, 
metalized contacts are incorporated in the design for current injection. Confining the pump 
current to a reduced area of the diode will help reduce device threshold current and self­
heating allowing high temperature operation. Diode lasers have metalized contacts (usually 
AuSn or AuGe alloys) are deposited on the substrate side and on the epitaxially grown side.
(a)
«-doped
^-doped
Optical field
Figure 2.10 Schematic diagram of a homojunetion showing optical transition and the
optical field.
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Figure 2.11 Schematic diagram of a DH showing optical transition and the optical field.
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(b)
CD
Figure 2.12 Schematic diagram of (a) quantum well laser structure and (b) the optical 
transition and the optical field.
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Most commercially fabricated devices avoid this method and try to restrict current to a smaller 
area along the junction plane. Better current confining methods include; striping (oxide, 
proton or Zn diffused junction stripe). Other methods are by ridged waveguiding, etched mesa 
buried heterostrueture (EMBH) and double channel planar buried heterostrueture (DCPBH) 
among others [31]. Three types of devices employing different carrier and current confinement 
techniques have been studied here. All of the devices have quantum wells in their active 
region and are index guided; the “W” interband cascade lasers have ridged contacts and the 
GalnAsSb EEL are broad area devices. VCSELs generally have ringed contacts allowing for 
light output from its vertical cavity; the VCSELs investigated here employ a buried tunnel 
junction for current confinement. The detailed structure of these devices is presented in 
chapters 4, 5 and 6.
As discussed in section 2.7, the rate of stimulated emission depends on the photon density 
within the laser cavity. Maintaining the photon density allows the probability of stimulated 
emission to be sustained for laser operation. It is therefore necessary to confine the generated 
photons and this is achieved through wave guiding. In semiconductor lasers, there are two 
forms of waveguiding, index guiding and gain guiding. Index guiding is achieved by the 
refractive index step that is obtained fi*om the difference in band gap energies of the 
constituent materials in semiconductor devices as seen in many heterostructures.
Index guiding is based on total internal reflection, where the refi*active index discontinuity 
between the cladding layer and active region confines the optical wave within the active 
region. The degree of confinement depends on the refractive index step and the fraction of the 
mode energy confined in the active region is referred to as the optical confinement factor (f). 
r  is the measure of the overlap of optical field within the active region. Diode lasers can also 
be gain guided. In gain guided lasers, it is the lateral variation of the optical gain that confines 
the electric field. This arises from carrier induced change in refractive index in the active 
region. This is achieved by restricting current to a small region along the junction plane by 
way of striping with oxides, photon implantation or zinc diffusion to the small region. Ridge 
lasers use weak index guiding in lateral direction.
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2.10 The strained-layer quan tum  well laser
In 1986, it was suggested that deliberately growing the active region layer of a semiconductor 
laser in a state of strain will significantly improve its performance [38, 81, 82]. Strain is 
incorporated by growing the active layer on a substrate and cladding of different lattice 
constant. The compressive strain reduces the effective mass at the top of the valence band and 
as a result, splits the heavy-hole and light hole valence bands at the zone centre [38, 83, 84] 
have reduced effective mass at the top of the valence band, population inversion can be 
achieved at a lower carrier injection.
Strain also increases the rate of change of gain with carrier concentration by inducing a 
distortion in the three dimensional symmetry in bulk crystals, as a consequence more 
carriers participate in the lasing process. A strained QW could be compressively or tensile 
strained depending on how large or small the lattice constant of the alloy is to the substrate 
material. If the alloy has a larger lattice constant (and has smaller band gap) than the 
substrate, the resulting material takes the lattice spacing of the substrate and is said to be 
compressively strained as illustrated in figure 2.13. If the alloy has a smaller lattice constant, 
the resulting material will be stretched to the lattice constant of the substrate, and is said to 
be tensiley strained. In all of these, the cubic dimensional symmetry is distorted implying 
that a higher proportion of carriers in the active region are able to contribute to laser gain. 
The axial component of the strain splits (degeneracy) the heavy-hole and light-hole in the 
VB of direct band gap bulk semiconductor at the Brillion zone centre reducing the in-plane 
mass for the case of compressive strain. The schematic illustration of the effect strain on the 
band structure of bulk semiconductor material is presented in figure 2.14. The 2.3pm and 
2.6pm InGaAsSb/AlGaAsSb studied in this work are compressively strained as reported in 
chapter 4. Although not considered here, tensile strain also improves the device performance 
due to the preferential use of z-polarized light hole states [39].
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constantthan substrate
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Cubic sym m etry is 
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Figure 2.13 Schematic diagram illustrating the crystal formation in (a) compressively 
strained structure and (b) tensiley strained structure reproduced from ref [38].
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Figure 2.14 Schematic diagram showing the effect of compressive and tensile strain on band 
structure of a bulk semiconductor alloys for (a) unstrained structure, (b) 
compressively strained band structure where the LH split higher than the HH in 
the xy plane and (c) is tensiley strained with non-degenerate LH and HH in xy 
plane as well. Reproduced from ref [38].
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2.11 Recom bination processes in sem iconductor lasers
When current is injected into a semiconductor laser, ideally one would expect that each 
injected (generated) electron-hole pair produces a photon. In reality there are other processes 
which may increase the threshold current {Ith) and deteriorate the device performance. The 
total current at threshold is a sum of the different terms depending on carrier concentration n, 
describing recombination via defects, radiative recombination, non-radiative Auger 
recombination and carrier leakage [6, 7] given by equation 2.27.
2.11.1 Radiative recombination
In a direct band semiconductor laser, radiative recombination is a process where an electron in 
the conduction band recombines with a hole in the valence band releasing a photon as 
illustrated in figure 2.15a. This process may either be spontaneous or stimulated. Radiative 
recombination due to spontaneous emission may be expressed as;
= B n^  228
2.28b
B is the radiative recombination coefficient. It is worth mentioning that the measured pure 
integrated spontaneous emission Lspon is directly proportional to the radiative current Bad at 
threshold. This is the basis for the experiment used to extract the various current paths of the 
diode laser threshold current; the method is also used in this work.
2.11.2 Non Radiative Recombination
When a semiconductor laser is injected with current, the desired recombination in the active 
region is an electron-hole pair that emits a photon. But in reality, there are other processes 
which cause carrier loss thereby contributing to the threshold to the detriment of the device 
performance. Mechanisms such as recombination at defects. Auger recombination and leakage 
current are the main non-radiative processes [6, 19].
2.11.2.1 Recombination at defects
Defects arise from the deviations in the crystalline structure of the semiconductor material. 
Defects are usually created during epitaxial growth; an atomic site can be substituted by an 
impurity, or change position leaving a vacant site which would normally be occupied, or it is 
sometimes by an atom occupying a supposedly empty site. These defects states (electrons and
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holes) within a diffusion length may recombine non- radiatively [56, 65]. The rate of defect 
related recombination is expressed as 
Rj^ = An  
where
A = a v N ,  2.29
a   ^ is the capture cross section of the defects, Nt is the density of defects, and v is the velocity 
of electrons and holes. The current due to the non-raditive (monomolecular) recombination is 
referred to as the defects current {loefects) and is the first term of equation 2.27 given as;
D^^ ects —^VAn 2.30
2.11.2.2 Auger recombination
In non-radiative Auger recombination, the energy of the recombining electron and hole is 
gained by another electron (hole) which is excited to a higher (lower) energy level in the 
conduction (valence) band [33]. To achieve thermal equilibrium, the excited carrier relaxes 
through lattice vibration and emits a phonon. The Auger carrier lifetime is given by the 
equation 2.31.
1T, = ■
Cn . 2.31
From this relation, C can be evaluated experimentally by measuring carrier lifetimes and the 
carrier density. C is the Auger recombination coefficient it is in itself not dependent on carrier 
density but is thermally activated and in bulk materials and can be expressed by equation 2.32. 
Where Co is independent of temperature and Ea is the activation energy.
C = Cq exp
J 2.32
The Current due to the Auger recombination is referred to as Auger current and is given as
lAuser=^VCn^ 2J3
Auger recombination is band gap sensitive and increases as the band gap of the semiconductor
decreases and as a result it is a major problem in mid infrared devices [23]. This is because as
the band gap decreases, the activation energy and effective mass of carriers reduces thereby
increasing the probability of the Auger process as shown in figure 2.15. The percentage
contribution of non-radiative Auger recombination to the threshold current of diode lasers can
be estimated experimentally by varying the band gap of the devices using temperature and
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hydrostatic pressure. These two techniques have been employed in this work and a detailed 
explanation of the procedure will be given in chapter three of this thesis. There are many types 
of Auger recombination however only band-to-band Auger processes are discussed in detail.
2.11.2.3 The band-to-band Auger process
Discussions here will be limited to the direct band gap semiconductor material and the 
parabolic band model will be used for illustrations. The band-to-band Auger process is one in 
which the momentum is conserved in an electron-hole transition and is not assisted by 
phonons. It is categorised into three based on the bands in which the Auger carriers reside and 
or are excited to.
In a conduction-hole Conduction-Conduction (CHCC) Auger process, an electron makes a 
transition from conduction to valence without emitting a photon; instead the energy excites 
another conduction band electron to a higher energy state. The excited electron later loses 
energy to optical phonons and the system attains thermal equilibrium [66]. The illustration for 
this Auger process is shown in figure 2.15 (b).
Another form of direct band-to-band Auger is the Conduction-Heavy Hole- Spin-split off 
band-Heavy-hole Auger recombination (CHSH) shown in figure 12.15 (c). In this Auger 
process, an electron from the spin-split off band is excited to the heavy hole band. If the 
electron-hole process leads to a transition from a light-hole band to the heavy-hole, the process 
is called the conduction-hole-light-hole-heavy-hole (CHLH) Auger process illustrated in 
figure 2.15 (d).
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Figure 2.15 Electron-hole recombination in (a) radiative process, (b) conduction-heavy 
hole-eonduction-conduction Auger process, (e) conduction-heavy hole-spin- 
split off-hole Auger process and (d) the eonduetion-hole light hole-heavy hole 
Auger process. In (b), (c) and (d), a photon is not emitted; instead the transition 
energy is gained by a third carrier.
2.11.3 Carrier leakage
Carrier leakage is a loss process where electrons or holes in a well layer escape over a barrier 
into the confining layer. Figure 2.16 show the schematic diagram of carrier leakage in a QW. 
Carrier leakage depends on the barrier height and the electron and hole mobility, due to the 
larger effective mass of holes, they are less mobile thus electron leakage is significantly 
higher for a given band offset [85, 86]. Carrier leakage increases as temperature increases 
since carriers gain enough thermal energy to escape from the quantum well. The leaked 
carriers do not participate in the lasing process rather, they may recombine in the cladding 
layer non-radiatively (causing heating) thus increasing Ith. This loss is a general problem to 
diode lasers, increasing the band offset of quantum well lasers reduces carrier leakage. The 
band offset for both the “W” laser and the GalnAsSb quantum well lasers studied here is high 
and the effect of carrier leakage is expected to be minimal.
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Figure 2.16 Schematic diagram showing carrier leakage from a quantum well into the 
barrier and cladding layers.
2.11.4 Inter-valence band absorption (IVBA)
Inter-valence band absorption (IVBA) is an optical loss process in which photo-absorption 
excites an electron from a lower energy level to a higher one within the VB of a 
semiconductor laser. IVBA could involve the transition of electrons from the light-hole band 
to the heavy-hole band, from the spin-split band to the light-hole band or from the spin-split 
off band to the heavy-hole band. Due to the high density of states and hole occupancy in the 
heavy hole band and the more likely resonance of Ago with the bandgap energy, the IVBA 
involving these two bands is more important [55]. The transition energies of the light hole- 
heavy hole process are too small or too far out of k-spaee and would normally be out of 
resonance. Also, the spin split-off-light-hole process may as well be neglected in high Ago 
devices since it requires carriers at high k. Calculated absorption coefficients for ternary 
materials are found to increase with increasing temperature. This implies that, IVBA is a 
temperature dependent optical loss process and it will easily couple with Auger recombination 
to degrade device performance at ambient temperatures. The explanation to this temperature 
dependence is that, as temperatures increase the hole population changes as carriers are 
distributed deep down the heavy-hole band and further out in k. This increases the probability 
of IVBA occurring.
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2.12 Sem iconductor L aser characteristics
The main task in this work is to experimentally investigate the properties of mid-inffared 
semiconductor lasers. The basic theory of the diode laser properties studied is presented in this 
section. Laser properties studied in this work include; threshold current Ith external 
differential efficiency rid, characteristic temperature To, spontaneous emission, laser peak 
emission spectrum and gain peak-eavity mode effects in VCSELs. The gain peak-cavity mode 
effect is explained in section 2.14.3. Threshold current is of a semiconductor seem to be a vital 
characteristics and has been presented in section 2.8 while the various current path in a 
semiconductor laser are explained in section 2.11
2.12.1 External differential efficiency
The external differential efficiency is the ratio of photon emission to the number of carriers 
injected into the laser above threshold. The external differential efficiency is proportional to 
the slope (efficiency) of the L-I curve which is determined experimentally by measuring the 
slope of the L-I curve above the threshold current (figure 2.9). Mathematically, it is expressed 
by equation 2.34.
e Æ  2.34
h v  d l
Where L is the optical power and I  is the pump current. Where, e, h and v have their usual 
meanings. r}d is related to internal quantum efficiency (equation 2.35) which is referred 
to as the efficiency of a laser in converting electron-hole pairs to photons.
1 _ 1 
/7mt
2«,X.
In
2.35
y
Where Lc is the cavity length, and 2 is the reflectivity of the laser mirrors and a, is the 
internal loss. Internal losses arise Jfrom free carrier absorption, the absorption in the cladding 
layer, IVBA and scattering. If the reflectivity of the facet mirrors is known, the value of
and a, can be obtained experimentally by measuring and plotting a graph of versus Lc
1
for different cavity lengths devices from the same wafer. The intercept will be the — and a,.
7int
can be deduced from the slope.
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2.12.2 Temperature stability
The sensitivity of diode lasers to the ambient temperature is very important in device 
characterization. Of most importance is to ascertain how well diode lasers perform at higher 
temperatures. The threshold current of diode lasers increases significantly at elevated 
temperatures; hence more energy is consumed by the laser. Efforts made to cool lasers down 
lead to high cost in deployment for various applications. The characteristics temperature To is 
a measure of the temperature sensitivity of the laser diode. Tq is defined by equation 2.36. A 
low value of Tq implies high temperature sensitivity.
2.36
d T
This implies that Tq for a given temperature range can be experimentally obtained from a plot 
of In(Ith) versus T  (figure 2.25) where over a limited temperature range, the slope will be 
=\ITq. The unit of To is Kelvin. Since To is dependent on threshold current of a device, there is 
need to know the To for the various components of threshold current as shown in equation
2.35. Around room temperature, an exponential increase in the Th of semiconductor lasers is 
observed, hence it can written that
2.37
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Figure 2.17 Evaluated To values for low temperature {Ti<T<T2) and high 
temperature (T2<T<Ts)
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The To model developed by O’Reilly, [93-94] for bulk and quantum well lasers due to defects, 
radiative and Auger recombination can be calculated as shown in equations 2.38 - 2.44. The 
model makes assumptions that the threshold carrier density nth, for quantum well devices is 
proportional to the device temperature by equation 2.38.
t^h = 2.38
Where no is independent of temperature and x is a non-ideality factor which accounts for losses 
such as IVBA, leakage current etc. that may cause the deviation of the linearity of the carrier 
density with temperature.
For the dominant recombination processes {Irad and huger), their To can be evaluated by 
substituting equation 2.38 into equations 2.28b for the case of Irad, and differentiating 
according to equation 2.36, the result will be ;
where ^  = Y
l + 2x 2.39
From equation 2.39, it can be deduced that in an ideal quantum well (where x=0), To(Irad) -T , 
experimental agreement would show this relationship at low temperatures where Tad 
dominates.
Similarly, by substituting 2.38 into equation 2.33 and differentiating according to equation
2.36, the To (huger) is obtained to be;
rrrr  ^ T
'^ 0 Auger )  “  p
3 + 3x + ^
kT  2.40
Thus, for x=0. To {huger) = T/3
Based on the derivations of equations 2.39 and 2.40, a plot of To versus T  obtained as 
illustrated in figure 2.18 and used to analyse the temperature sensitivity of semiconductor 
lasers. According to the plot, at low temperatures, To==To (Irad) (the black line) while at 
higher temperature, Tq=To (huger) =T/3 (red line). The combined effect of To (had) and To 
(huger) is the blue line which shows the expected behaviour of To from low to high 
temperatures. Tb is defined as a breakpoint temperature where the effect of Auger
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recombination on the To begins to dominate. When an optical loss process is occurring, x is no 
more zero and the loss term has to be introduced into the equation. Assuming that in a 
quantum well, the material gain varies logarithmically with n, it can be written that
2.41
Where gth is the threshold gain of the laser and go is the gain coefficient and ritr is the carrier 
concentration at laser transparency.
= ( « / + « ^ ) / r  2.42
a\ and am are internal loss and mirror losses respectively.
The To(Irad) and To(lAuger) with effect of optical loss can be evaluated by substituting gth of 
equation 2.42 into equation 2.41 (for rith) respectively and differentiating according to 
equation 2.36 to obtain equations 2.43 and 2.44. Details of this model and analysis can be 
found in reference [87].
A u g e r )  = 2 7 ^ “ ^
^   ^"  I  3T da, ^
5 4--------- . —-—  4- ■
rg„ dT: kT
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Figure 2.18 Schematic illustration showing the variation of To with increasing temperature 
for a quantum well laser according to the To model presented above.
2.12.3 Laser peak emission spectrum
It has been shown in section 2.7 that the length of the cavity determines the longitudinal mode
spacing in diode lasers and for conventional edge emitting lasers the mode spacing is small
while for ultra-short cavity surface emitting lasers, the mode spacing is very wide. In
conventional edge emitting lasers, the peak of the gain determines the lasing wavelength while
the cavity mode determines the emission wavelength in surface emitting lasers. Conventional
Fabry-Perot diode lasers have many modes within the gain bandwidth and at threshold the
laser spectrum contains many peaks. However as the pump current is increased the modes
with frequency around the peak of the gain dominates as the gain curve continues to narrow,
thus reducing the linewidth. To achieve single mode emission in diode lasers, diffraction
gratings are incorporated in the laser cavity for selective frequency feedback such that other
unwanted modes are suppressed. Also, surface emission lasers emits single and narrow
linewidth because, of the wide mode spacing and the effect of DBRs as presented in section
2.14.1. The peak wavelength (X) is related to the photon energy (bandgap) of semiconductor
lasers and by measuring it, significant information is deduced about the laser diode. Since
most recombination processes are dependent on the bandgap, experimental techniques have
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been developed for studying the variation of bandgap with temperature and pressure. These 
techniques have been used in this work.
2.12.4 Pressure dependence of laser emission wavelength
Hydrostatic pressure causes the conduction band at the Brillion zone centre {F) to shift to 
higher energies increasing the direct band gap of semiconductor lasers. [88, 89]. For an ideal 
quantum well laser, Ith = F ad^ Eg [88], as a result Fh would increase with pressure if the 
radiative recombination dominates. If non-radiative Auger process dominates in a device, by 
increasing the (pressure) band gap, the activation energy of an Auger process increases thus C 
is reduced (especially when the Auger process is CHCC or CHLH) leading to a decrease in Fh 
of the device. This is illustrated in figure 2.19. Direct carrier leakage is expected to be 
independent of pressure since the barrier materials usually have similar pressure coefficient. 
Leakage of earners from r  to L or X satellite valleys can however be strongly pressure 
dependence.
Also, by studying the effect of pressure on the threshold of devices, it is possible to identify 
the dominant Auger process and IVBA. A summary of the expected behaviour for different 
dominating recombination processes is shown in figure 2.27.
L
k
Activation energy
Figure 2.19 The schematic E-k diagram for (a) larger bandgap material with higher 
activation energy and (b) lower bandgap material with lower activation energy.
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Carrier leakage
Pressure
Figure 2.20 The effect of increasing hydrostatic pressure (or bandgap, Eg) on the Ith of III-V 
quantum well lasers [100]. Ead is proportional to Eg, Carrier leakage is 
expected to remain unchanged assuming that the pressure coefficient of the 
barrier and QW and identical while Ith will decrease is with increasing 
pressure.
2.12.5 Spontaneous emission
Spontaneous emission from a diode laser is the light in the laser cavity that has not undergone
any gain or absorption. The spontaneous emission peak is usually near the bandgap energy,
however, with increasing carrier density it becomes broadened and shifts to higher energies.
The intensity of spontaneous emission is obtained by integrating the spontaneous emission
spectrum. The pure integrated spontaneous emission {Lspon) generated in a laser is directly
proportional to the radiative current {Ead) [90]. Therefore, by measuring spontaneous emission
the radiative current, and by extension, other current paths in a diode laser can be
characterised. Also the spectral shape of the spontaneous emission gives an idea of whether
transitions are occurring in other regions of the device other than the active region. As
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presented in section 2.8.1, ignoring the leakage current there are three n dependent terms due 
to defects (monomolecular), radiative and Auger recombination. If one of these current path is
dominating, we may write that I  cc M ^  where Z=l, 2 or 3 depending on whether it is 
monomolecular, radiative or Auger recombination that is dominating the current of the device. 
Z is defined as the carrier density power dependence of the injection current. But since 
Lspon oc Irad wc Can writc Lspon oc Bn . This implies that n oc {Lspon)  ^and we can write that
/ o c  l L spon 2.45
2.46
ln(/) = Z ln (4 ^ j/^+ ;[
From equation 2.45, Z can be obtained from the slope of the plot of ln(7) against InfZ^ ^^ on/'^ a^s 
illustrated in figure 2.28. The detail experimental procedure of the spontaneous emission 
measurement is given in chapter three.
Slope of line =Z
1/2
spon
Figure 2.21 Plot of Inl against {Lsponf^ showing how Z is evaluated
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2.12.6 Non-pinning effect in laser diodes
As was mentioned in section 2.8, ideally the carrier density and Fermi level splitting should be 
pinned at laser threshold [91]. The expected pinning is based on the fact that the threshold 
condition assumes all losses in the laser cavity are overcome, hence carriers injected are 
converted to stimulated photons. This implies that both the spontaneous emission and non 
radiative processes should also pin above threshold. As a consequence, the internal differential 
efficiency should be unity [92]. Experiments have shown that while, carrier concentration pin 
very well above threshold in some devices, in other devices it does not [68, 91]. The reasons 
for non-pinning of carriers above threshold are explained to be as a result carrier spreading 
and incomplete carrier injection into the active region of the semiconductor lasers. If n 
continues to increase above threshold then the effect of Auger recombination (with carrier 
dependence) would increase significantly thus degrading laser performance. Another 
consequence is that the internal quantum efficiency will be reduced and cause the differential 
efficiency to also decrease.
2.13 Superlattices and  quantum  m echanical tunnelling
Supperlattiees (SL) are thin alternating layers of semiconductor material of different band gaps 
with discontinuities in valence and conduction band. The well thickness is in the range of 1 - 
lOnm. The superlattice behaves like an artificial one-dimensional crystal [31] with period 
equivalent to the thickness of the quantum well and barriers. Electrons can be transmitted 
through the SL by resonant tunnelling. Resonant tunnelling occurs at electric field values 
where the lowest and highest subbands in adjacent quantum wells are aligned. At this stage, 
the ground state is resonant with the excited state of a proceeding well throughout the SL [93].
The main differences between the SL and the quantum wells are; the energy levels in the SSL 
are continuous in space throughout the structure and the discrete levels in the SL widens into 
minibands as shown in figure 2.22. This concept is used for carrier transport and injection in 
quantum cascade lasers and interband cascade lasers.
Classically, carriers are confined in a potential well except those with enough energy to 
escape. However, tunnelling phenomenon is a quantum mechanical effect which states that 
there is a probability that carriers can cross over barriers even though they do not possess 
enough energy to ‘jump’ the potential barrier. This is based on the wave nature of carriers 
(such as electrons) which as a wave functions and will not terminate abruptly on a barrier of 
infinite potential and has small non-zero probability of tunnelling.
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Conduction
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Single QW superlattice
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Figure 2.22 Schematic diagram of (i) superlattiee showing the minibands of both CB and 
VB. a, is the well width and b, is the barrier width and (ii) electron wave 
tunnelling through a potential barrier.
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2.14 VCSELs
Semiconductor lasers that emit perpendicular to the plane of the substrates are generally 
referred to as surface emitting lasers. The optical cavity in a vertical cavity surface emitting 
lasers (VCSET) is perpendicular to the substrate and is made of highly reflective layers 
usually distributed Bragg reflectors (DBR). The VC SEE has many potential advantages over 
the conventional edge emitting lasers (EEL) (figure 2.23). Some of these advantages include; 
its low power consumption, its single longitudinal mode symmetric beam quality (see Figure 
2.23a) which makes packaging and direct fibre coupling easier, VCSELs also have low 
threshold currents due to their small sizes, on wafer testing of VCSEL reduces the cost of 
manufacturing etc [94, 95]. The VCSEL concept was proposed in 1977 and demonstrated in 
1979 by Iga and Soda [96-99], it was an InGaAsP double heterostructure which emitted at 
1.3pm at 77K. The first quantum well ew, room temperature operated VCSEL was reported 
in 1989 [100]. VCSELs have reduced cavity length and as a result, have low gain, but this is 
compensated by the highly (>99.9%) reflective facets that maintain a high gain in the VCSEL 
cavity leading to low threshold currents. VCSELs have been developed for various operating 
wavelengths including the mid infrared region [101]. In this work, mid infrared emitting 
VCSELs at 2.3pm and 2.6pm at room temperature have been studied and results are reported 
in chapter 5 of this thesis.
,  ^ Light output
I.) VCSEL \ ........
(b)
/  Grown mirror stacks
V C : /
Gain layer
-!
— .Contact layers
Light output 
(elliptical)
Facet coating
Figure 2.23 Schematics of the structure of a VCSEL showing its structural differences of a
VCSEL and EEL. Reproduced from ref [85].
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2.14.1 Distributed Bragg reflectors
Distributed Bragg reflectors (DBR) are usually made of multiple alternating integer number of 
quarter wavelength thick layers of semiconductor materials of low and high (high and low) 
bandgap (refractive index). Light of wavelength X in relation to the A/4 thickness of the layers 
is partially or Bragg reflected at the boundaries, all the reflected waves constructively interfere 
making the layers highly reflective [102]. In the VCSELs studied here, the DBR layers are 
made of AlAsSb/GaSb (semiconductor layers) for the bottom and Si/SiO] (dielectric material) 
for the top. The net reflectivity depends on the number of pairs, the index difference between 
layers and boundary conditions which depend on whether the VCSEL is emitting through its 
epitaxial side (in which ease the boundary is air and the dielectric) or through the substrate 
where the interface is metal and a semiconductor material. An illustration of the DBR pairs is 
shown in figure 2.24 with the reflection patterns for light at normal incidence. DBRs have to 
be grown with high precision as poor quality DBRs will not yield lasing. The total maximum 
reflectivity of the VCSEL DBRs is given by equation 2.47.
R  =
1 - ^
n,
1 +  ^
V v ^ 2  y
2.47
y
Where nj, «2 is the low and higher reflactive indices of alternating DBR, no and ns are the 
refractive indices of the incident medium and substrate respectively and p  is the number of 
layer pairs of the DBRs [103].
The calculated reflectivity spectra for a 24-pair AlAsSb/GaSb emitting a plane wave at 
A =2.4pm is shown in figure 2.25.
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V J  " 2
DBRs
Figure 2.24 Schematic of n layers DBRs used in the Abeles formalism to calculate the 
reflectivity of light on many layers.
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Figure 2.25 Reflectivity spectra for the GalnAsSb VCSEL emitting a plane wave at 
X =2.4pm. the structure comprise of 24 pair AlAsSb/GaSb bottom DBRs and 4 
pairs of Si/Si02 top DBRs [104]
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2.14.2 VCSEL gain cavity and threshold gain.
VCSELs have a very short optical cavity, about twice the size of the active region. Also, 
unlike the edge emitting lasers the active region of a VCSEL does not extend over the full 
cavity length. The exact length of the cavity may not be known due to the penetration of the 
wave into the DBR stack which is approximated using equation 2.48 [105].
— d(j)
■‘DBR
Z48
Where Xb = Bragg wavelength, Aric is the refractive index step of the DBR layers and (f) is the 
reflection phase. The effective cavity length is therefore given by equation 2.49.
^ e f f e c t i v e  ^ a c t i v e  ^ t o p  D B R  ^ B o t t o n D B R 249
The design criteria for a VCSEL is the same as those for the edge emitting lasers therefore the 
general laser characteristics are the same and the threshold gain can be determined by the 
equivalent VCSEL model of figure 2.26. The threshold gain gth is;
§th ~
1
2L
In-
1
'active \
+ 2(X;L 2.50
Top DB
^  effective
K,
^top DBR a^ctive L Bottom DBR
Bottom  D B R
Figure 2.26 Schematic of VCSEL cavity showing the extension of the optical cavity in the 
DBR stack. (Not drawn to scare)
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Accordingly, the differential efficiency can be expressed as 
1In-
R^Ri
In-
R,R, 2.51
Also the longitudinal mode spacing is given for the mth mode as;
A A „ = - / —  2.52
2.14.3 VCSEL Gain and cavity mode alignment
Due to the ultra-short cavity of the VCSEL, the mode spacing is very large (of the order of 
lOOnm) and as a result only one longitudinal mode is typically within the gain spectrum. 
When the gain-peak and the cavity mode are aligned, (as shown in figure 2.27a) there is 
maximum modal gain and less current is required for lasing henee Ith will be less. But the main 
problem is that both the gain peak and the cavity mode depend on device operating 
temperature and pressure at different rates. Increasing temperature shifts the peak of the gain 
to lower energies at a higher rate than it does for the cavity mode. As a result, the heat 
generated as the VCSEL is injected with current coupled with the ambient temperature offset 
the design gain and cavity mode position thus requiring higher current of the device. This 
gain-cavity de-tuning coupled with the intrinsie Auger recombination problem in low gap 
materials are the main limitations for efficient performance of Sb-based mid-inftared 
VCSELs. The Ith of a VCSEL is therefore dependent on the gain peak and cavity mode 
alignment and the recombination processes taking place as explained earlier. The effect of 
temperature and pressure on the gain peak and the cavity mode is illustrated in figures 2.27b 
and 2.27c. The problem of gain peak and cavity mode detuning in mid infrared VCSELs has 
been investigated extensively and will be presented in chapter 5 of this thesis.
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Figure 2.27 Illustration of gain peak and cavity mode tuning with temperature and 
pressure.
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2.14.4 Buried tunnel junction VCSEL (BTJ-VCSEL)
Current confining regions are usually incorporated in VCSELs to limit the pump current to the 
centre of the device. In the VCSELs studied and reported in this thesis, a buried tunnel 
junction (BTJ) is incorporated at the node of the optical field between the active region and the 
top DBRs, thus the VCSELs are called BTJ-VCSELs. The BTJ for the VCSELs studied here 
is made of p-doped GaSb and n-doped InAsSb which forms a type-III heterojunction with low 
resistance. The main advantage of the tunnel junction is that it reduces resistance (and joule 
heating) by substituting the highly resistant p-type layers by n-type [104, 106], this also 
reduces the inter-valence band losses that would normally dominate in the p-type material. By 
combining the p^ and n^ material, tunnelling becomes the dominant process and electrons 
move from the VB of the p+ layer to the CB of the n^ layer leaving holes [106]. The tunnel 
junction band diagram is shown in figure 2.23. This concept confines current to the diameter 
of the BTJ thus aiding the optical wave confinement. Another important aspect of the BTJ is 
its lateral waveguiding made possible by cavity length step of the central region of the top of 
the active region and the etched side regions, thus BTJ VCSELs are strongly index guided. 
The schematic of a BTJ VCSEL is shown in figure 2.28 [107].
D
light
Dielectric mirrcr
Ti/Pt/Au contactContact layer
BTJ
Passivaticn
:tive rei
X  Epitaxial mirror \
n-G aSb substrate
Ti/Pt/Au contact
Figure 2.28 Schematics of a BTJ-VCSEL showing the BTJ and current path [107].
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Figure 2.29 Band structure of the BJT junction incorporated in the GalnAsSb VCSELs 
studied here [107].
2.15 C hap ter two sum m ary
Chapter two has captured the underlying theory and operation of semiconductor lasers. In the 
first part, the interaction of photons with carriers (electron and holes) in semiconductors, 
through processes such as absorption, spontaneous emission and stimulated emission have 
been discussed. It has been shown that for the lasing process to commence, the rate of 
stimulated must be greater than the rate of absorption. Carrier concentration is a product of the 
density of states and the occupational probability of carriers given by the Fermi-Dirac 
distribution. Also, the density of states for bulk crystals depends on while in quantum 
wells it depends on the well width and effective mass. The density of states for quantum wire 
and quantum dot was also presented. Other concepts discussed include, of the energy bandgap 
and effective mass, quantum confinement; which is the basis for which quantum wells are 
formed. The advantages of QWs over bulk materials are also presented along with the effect of 
incorporating strain in the quantum wells. The laser gain is also discussed with the condition 
for threshold. The Fabry-Perot cavity is key to laser operation as it provides the medium for 
optical feedback and the longitudinal modes in the cavity. It has also been shown that the 
longitudinal modes in the VCSEL determine its lasing wavelength and should ideally emit 
single mode while in the EEL, the gain curve determines the emission wavelength. It has been
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explained that carrier confinement in the active region improves device performance. The use 
of quantum wells and separate confinement heterostruetures improves both carrier and optical 
confinement. Also, injection current in semiconductors can be pumped into narrow regions 
and this will enhance the gain and waveguiding.
From section 2.11, the recombination processes in semiconductor lasers are presented. The 
processes of importance to the devices studied here are radiative, non-radiative Auger 
recombination and monomolecular recombination. Three types of Auger recombination 
including CHCC, CHSH and CHLH processes have been identified to be dominant in mid- 
infrared diode lasers. Another detrimental process to diode lasers is carrier leakage. All these 
processes contribute to the device threshold current and are known to increase exponentially 
with temperature.
Photons produced in the laser cavity could also be lost either through IVBA, or free carrier 
absorption, this causes the laser differential efficiency to decrease. The “W” ICL studied here 
employ superlattices and electron tunnelling to transport carriers from one cascade to another. 
It has been explained that due to the non-zero probability of electron tunnelling through a 
potential barrier, electrons can tunnel from one QW to another.
The main differences and advantages of the VCSEL over the EEL have been presented in 
section 2.14. VCSELs emit perpendicular to the plane of the substrate and employ highly 
reflective DBRs to form its cavity. They are very small and have low threshold currents; they 
also emit a more circular beam compared to the EELs. The effects of temperature and pressure 
on the gain peak and cavity mode have been presented. Increasing temperature shifts the gain 
and the cavity mode to lower energies while a reverse effect is seen with increasing pressure. 
The gain shifts at a faster rate (about six times) than the cavity mode shift. We also show that 
detuning has an adverse effect on VCSEL performance.
The importance of the L-I curve in laser characterization is also shown, it is shown that the 
slope of the curve is proportional to the external differential efficiency. The characteristic 
temperature To which is the measure of the temperature sensitivity in diode lasers has also 
been discussed.
Much information is derived by measuring the wavelength of semiconductor lasers. It has 
been shown that by measuring the laser wavelength, the band gap can be evaluated. Another 
important property of diode lasers discussed is the spontaneous emission. It is shown that pure 
spontaneous emission at threshold is proportional to the radiative current and this is the basic
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theory for extracting the percentage contribution of non-radiative current in diode lasers as 
well as the Z analysis.
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3 Chapter three: Experimental techniques
3.1 The laser m easurem ent set-up
The basic laser measurement set up used for most experiments carried out in this work is 
illustrated in figure 3.1. The set up comprises of a copper clip for the device mount, a pulse 
generator as a current source, a lock-in amplifier to measure the magnitude of the signal at a 
particular frequency, oscilloscope, temperature controller, InSb detector, current probe and a 
computer with Labview software. This set-up can measure the light output-current 
characteristies (L-I) and emission spectrum of a diode laser from which the laser threshold 
current Lh and slope efficieney are determined. The laser clip is designed to firmly hold bare or 
unbonded laser diodes bonded devices stand a higher risk of damage due to temperature and 
pressure induced stress. The laser chip is mounted p-side down on a eopper base; this brings 
the active region of the chip closer to the base which serves as a heat sink. A AID. resistor is 
connected in series to the device mount to match the impedance (50(1) of the connecting 
cables since the laser impedance is about 3(1. Improper impedance matching will result to 
reflection of current pulses which is harmful to the laser diode. For pulsed measurements, the 
AVTECH current source (which sets the pulse and duty cycle) was used while Keithley 2400 
SMU was used for cw measurements. For cw measurements, a chopper was used to modulate 
the laser output. The injection current was measured using a current probe (Tektronix T2 
current probe with 50(1 charaeteristic impedance). The detector converts laser emission to 
photocurrent which is converted to voltage signal by the detector pre-amplifier. The lock-in- 
amplifier measures signals from the deteetor with low noise. The lock-in amplifier used is 
DSP EG&G Lock-in-Amplifier, model 7265. The set-up of figure 3.1 is used for temperature 
dependence measurement by attaching the device mount on a cryostat arm, enclosing it inside 
a cryostat before conducting the experiment. In this work, two cryostats were used; the gas 
exchange liquid nitrogen cooled cryostat and the cold finger helium closed cycle cryostat.
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1) Diode with 4 7 ( 2  resistor in series
6) GPIB con n ector .
2 ) InSb deteetor
7) Tektronix osc i l lo sco p e
3 ) LI dc output
8) PC with Labview program
4 ) AVTECH voltage/eurrent pulse generator
9) P ow er  supply trigger
5) Lock-in amplifier
10) 12  current probe
Figure 3.1 Diode laser measurement set-up
For pressure measurements, a special pressure sealed sample holder is used to enclose the 
device in a pressure cell whieh can also be placed in a cryostat for temperature dependent 
pressure measurements. Both cryostats have windows for the collection of laser facet emission 
whieh may be measured using a detector and or spectrometer. The cryostats have heater eoils 
which are regulated by an ITC601 temperature controller whose output ean provide up to 40W 
of heating power.
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3.1.1 The InSb photo-detector
A liquid-nitrogen-cooled Indium Antimonide (InSb) detector was used for most measurements 
reported in this thesis. The detector can detect light from 2pm to 5.5pm.The detector used here 
is an Infrared Associates (model IS -1) broad area (Imm^), uncalibrated InSb detector with 
varying detecting efficiencies in this depending on the wavelength. At 2.3pm, the detector is 
approximately 32% efficient at 2.6pm the efficiency is about 38% and at 4pm the deteetor 
effieiency is 68%. The deteetor generates photocurrent that is proportional to the light 
intensity of the laser emission. The photocurrent is converted into a voltage signal by a 
preamplifier [108]. The spectral response of the deteetor is shown in figure 3.2.
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Figure 3.2 Spectral directivity of the InSb detector used for measurement during the study. 
Reproduced from ref [109]
3.1.2 FT-IR Spectroscopy
FT-IR is an acronym for Fourier Transform Infra-Red, and it is a method for infrared spectral 
analysis and spectroscopy. It is capable of measuring a high resolution interferogram 
containing all the frequencies of measured light. FT-IR spectrometers are used for 
measurement of laser emission spectrum and can be used for absorption spectroscopy for 
identifying molecular fingerprints of various materials [12]. Its operation is based on the
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interferometer. Three FTIR spectrometers were used in this work; the Bomem MB-100 FT-IR, 
the Oriel MIR8025I and the ARCoptix (ARCspectro-ANIR) speetrometer. The Bomem was 
used for measurement of 2.3pm VCSEL and EEL devices. An Oriel speetrometer was used for 
measurement on the “W” lasers emitting from 3.4 to 4.1pm. The working principle of the 
Bomem and Oriel FTIR is similar. They both have two windows, a beam splitter, a fixed fiat 
mirror and a movable fiat mirror (shown sehematically in figure 3.3). The beam splitter 
divides incoming infrared light into two beams which are both reflected by the two fiat mirrors 
and constructively interfere at the beam splitter to produce a scanned output beam. This 
resulting signal is called an interferogram and consists of a Fourier transform of the spectrum 
which is plotted using accompanied computer software.
The ARCoptix near infrared spectrometer covering the 0.9-2.6pm spectral range was used for 
measurements on 2.6pm EEL and VCSELs. It is a miniature Fourier Transform spectrometer 
based on miero-mechanieal technology. It uses a Lamellar grating interferometer (LGI) which 
comprise of two sets of multiple strip fixed and moving mirrors. The mirrors are arranged to 
form two plane gratings with parallel faces but with different depth. The LGI splits the 
incoming beam at the moving mirrors into two coherent parallel wavefronts. When the 
separation depth h=nX/2, the two wavefronts constructively interfere to form an interferogram. 
Detail background theory for the operation of the ARCoptix spectrometer is presented in 
[110]. The ARCoptix is quite portable and has provision for fibre connection. In addition, it 
does not need an external detector for measurement and has a USB interface for PC 
connection. It does not need a separate power source and its small size makes it easy to be 
incorporated in the pressure measurement. A schematic diagram of the LGI is shown in figure 
3.4.
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Figure 3.3 Schematic diagram showing the optical path and operation of FT-IR 
interferometer [108].
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Figure 3.4 Schematic diagram showing the mirror arrangement of LGI with diffraction 
pattern showing the 0, 1,-1 orders of diffraction, )i=nX/2. Reproduced from ref. 
[110].
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3.2 Temperature Dependence Measurements
The aim of temperature dependence measurements on MIR devices is to study their thermal 
stability by measuring the sensitivity of their Ith and wavelength in a given temperature range. 
This is done by mounting the device clip on a sample rod (cryostat arm shown in figure 3.6) 
and fitting it inside the cryostat. An Oxford Instrument static gas exchange liquid-nitrogen- 
cooled cryostat (model DN704) was used for the majority of measurements in this work. The 
cryostat was heated by a heater coil regulated by an Oxford Intelligent 3120 Temperature 
Controller which can control the cryostat temperature from 77K to 300K. The cryostat 
comprises of a sample tube surrounded by a heat exchanger section. There is a nitrogen 
reservoir in the upper region. All the chambers are enclosed in a vacuum case. At the start of 
the experiment, the sample rod with mounted device is placed inside the sample tube and 
pumped down to a pressure of -lO'^Torr and filled with Nitrogen gas to ensure that no water 
vapour is present. The outer chamber is normally pumped down to a pressure of -lO ’^ Torr. 
The liquid nitrogen (LN2) is fed down a capillary tube to the heat exchanger which has contact 
with the nitrogen gas in the sample tube; by conduction, the sample is cooled. A schematic 
diagram of cryostat is shown in figure 3.5.
The cryostat has five demountable sapphire windows allowing direct collection of light from 
the laser device. For the experiments here, four of the windows were blocked with steel while 
one sapphire window was used for light collection during the experiment. In Jfront of the 
sapphire window, a quartz lens was used to collimate the laser emission to an InSb detector or 
FTIR spectrometer.
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Figure 3.5 Schematic diagram of the gas exchange liquid nitrogen cooled cryostat. 
Reproduced from ref [111]
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Figure 3.6 Cryostat arm for mid-infrared spontaneous emission measurement. Reproduced 
from ref [108].
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3.3 Pressure Measurements
High hydrostatic pressure is a very usefiil tool for studying semiconductor lasers. It enables 
the study of lattice dynamics, defects, impurities, recombination processes in conventional 
EELs and the effects of cavity mode -  gain peak alignment in the VCSELs. This technique 
was first reported in 1963 by Fenner who was able to change the lasing wavelength of GaAs 
laser [112]. As discussed in chapter 2, hydrostatic pressure increases the bandgap of 
semiconductor materials. As a result of this effect, a single device can be tuned under pressure 
to operate at different wavelengths. This saves the trouble of fabricating new devices for each 
particular study.
The pressure cell is made of thick copper (schematically shown in figure 3.8) it is hollow and 
cylindrical with two openings for the sample holder and light coupling plugs. The sample 
holder plug has leads for electrical connections while the light coupling plug is fitted with a 
sapphire window which is transparent from 150nm-6pm.
The gas pressure system schematically illustrated in figure 3.7 has three stages. All the three 
sections are connected to a capillary tube that terminates into a pressure cell also shown 
schematically in figure 3.8. At the start of the experiment, the pressure cell and the capillary 
tubes are filled with helium gas. Each stage has a cylinder containing a piston and hydraulic 
oil. By compressing the oil, the piston exerts pressure on the helium gas in the capillary tube; 
the pressure is transmitted to the pressure cell. The pressure gauge made of manganin coil is 
incorporated in the third stage with an LED read-out provision. Also the pressure cell can be 
enclosed in a cryostat for temperature dependent pressure measurements.
Ideally, stage 1 and 2 should yield pressure up to 3.5kbar and stage 3 should take it to lOkbar. 
However, issues of gas leakage in all the three stages limit the performance of the entire 
pressure system and in most cases hinders pressure increase up to lOkbar. The third stage and 
the pressure cell are sealed with tin-coated brass seals manufactured by Unipress or at the 
University metallurgy workshop. The electrical leads on the pressure cell plug are sealed with 
vespel seals. At the beginning of the experiment, the third stage and the pressure cell are 
cleaned thoroughly with methanol. The brass ring seals are also cleaned. At the beginning of 
this work, seals were cleaned manually using a solvent (methanol) with paper towels. The 
pressure seals were cleaned using the ultrasonic bath with detergent. By immersing the seals in 
a liquid detergent, adding water and putting the beaker in an ultrasonic bath, the seals were 
cleaned.
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Figure 3.7 Schematic diagram of the layout of the helium gas Hydrostatic pressure system 
showing pistons for the three stages and the capillary connection to the pressure 
cell.
He-gas
Current lead
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Device clip CuBe cell walls
Figure 3.8 Schematic diagram showing the pressure cell and laser diode mounting for 
pressure experiment. Reproduced from ref [113]
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3.4 Spontaneous emission measurements
The importance of spontaneous emission (SE) was presented in section 3.15. Accordingly, 
measurement and analysis of SE to estimate the contribution and temperature dependence of 
the various current paths (radiative and non-radiative) to the threshold current of 
semiconductor lasers has been carried out in this study. Temperature dependent spontaneous 
emission (SE) measurements on 2.3 and 2.6pm lasers and 4.1pm ICLs were carried out in this 
study. This was accomplished by milling a window in the substrate of the laser chip and 
collecting the pure SE out of plane from the laser cavity. A 100pm diameter circular window 
is milled in the substrate side of the device by (Dr Dave Cox, ATI University of Surrey) using 
the FEI focussed ion beam (FIB) miller. The FIB system is equipped with a liquid gallium 
metal primary ion source with a spot size as small as 6nm. A SEM image of one of the milled 
devices is shown in figure 3.11. The aim of the milling is to remove a portion of the metalized 
«-contact on the contact side. Milled devices are then mounted such that the window aligns 
with a chalcogenide fibre fitted under a specially designed sample clip shown in figure 3.9 
[36] and was adopted for use in this work with slight modifications. Silica fibre is commonly 
used for shorter wavelength light coupling.
Silica fibre is thinner, flexible and easier to work with but it does not transmit the MIR 
wavelengths. Available fibre optics for MIR includes silver halide, fluoride glass and 
chalcogenide. While fluoride based fibres are extremely expensive, the halide fibres have low 
transmission at wavelengths below 4pm. In this study, chalcogenide fibre was used for 
spontaneous emission measurements. The fibre is a multimode step-index chalcogenide fibre 
(CHAL 350pm fi*om Fibre photonic ltd) that transmits light at wavelength of 1 to 6pm. It can 
operate in the temperature range of -200°C<T< 100°C. Figure 3.9b show the specification of 
the chalcogenide fibre used in this work while the attenuation (loss spectra) is presented in 
figure 3.10.
It was difficult to polish this fibre and incorporate it into the device mount shown in figure 
3.9a. The main challenge was that due to its brittle nature, it rarely cleaves properly. It had to 
be fitted through the base of the device mount before polishing, and due to the small minimum 
bend radius (10mm), it would break at the slightest mishap and the whole process would start 
again. This was overcome by making a groove of the same size at the PVC that was protecting 
the fibre and then glued the PVC after putting the fibre through the tiny aperture provision on 
the base of the mount. The glue used was erudite glue.
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(a) Spontaneous emission laser elip and device mount base and (b) cross- 
section of Chalcogenide fibre with material specification.
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Figure 3.10 Attenuation profile of the infrared light through the chalcogenide fibre. Fibre 
has an average optical loss of ~0.2dB/m at wavelength of 2-4pm at room 
temperature [114].
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The glue held both the base, the PVC and the fibre in place for polishing and the diameter of 
the PVC was enough to fit through the cryostat arm. This made a more reliable spontaneous 
emission measurement probe that was used throughout the study and is now left in the lab for 
use on future MIR experiments. The main and very important difference from the one used in 
ref [115] is the use of the PVC protective cover all the way down to about 4mm into the base 
of the device mount, this makes the fibre stable and less likely to break.
With the arrangement in figure 3.9a, pure SE {Lspon ) was collected and the Lspon-I measured. 
Idealy, carrier concentration should pin and laser threshold such any further carrier injection 
should participate in the lasing process. Therefore, it is assumed that integrated SE {Lspon) is 
proportional to the radiative current Lad at threshold. Hence, by measuring Lspon at threshold 
{Lth) (see figure 3.12) for various temperatures (80-300K in this case), the proportionate 
values of Lad are obtained for each temperature. In this analysis, it is assumed that at the 
minimum temperature (Tinim), hh =Laà and by normalizing the Eth at Tmim to the minimum Lh, 
the variation of the radiative component of L h  with temperature was obtained.
Metal contact
Substrate
■ ' « - ‘ s
Figure 3.11 SEM image of substrate side of laser diode with 100pm diameter window 
exposing the substrate material for spontaneous emission measurements.
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Figure 3.12 Plot of normalised light output from spontaneous emission (red data 
points) and facet emission (black data points) versus injection current. 
Also shown is the extraction of threshold current, Ith and the 
spontaneous emission intensity at laser threshold, Lth. In this analysis, 
Lth is proportional to Jrad
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4 Chapter four: Experimental results on GalnAsSb-based
type-I edge emitting lasers emitting at 2.3pm and 2.6pm.
4.1 In troduction
In this chapter, the structure of the edge emitting lasers (EELs) emitting at 2.3 pm and 2.6pm 
at room temperature is presented. Results and analysis of the experiments carried on the 
devices is presented here graphically. These results include temperature dependence 
measurements, pressure dependent measurements and spontaneous emission measurements. In 
all these measurements, laser characteristics such as threshold current, characteristic 
temperature, emission wavelength and external differential efficiency are evaluated and 
discussed. The chapter concludes with a comparison of the effects of the measured properties 
of the 2.3 pm and 2.6pm devices.
4.2 Device struc tu re
The devices studied in this work were grown at the Walter Schottky institute (WSI), 
Technische Universitat München, Germany. All the devices studied here are grown by 
molecular beam epitaxy. The active region for the 2.3 pm device comprises of two quantum 
wells made of Ga0.63In0.37As0.11Sb0.89/Al0.33Ga0.67As0.03Sb0.89 with 1.6% compressive strain 
grown on an w-GaSb substrate. The waveguide material is undoped AlGaAsSb while the 
cladding n-Alo.9Gao.1Aso.08Sbo.92 (Te: n=2xl0^^cm’^ ). The 2.3pm devices have broad area 
contacts with a stripe width of 100pm and cavity length of 650pm.The 2.6pm devices are 
made of a single quantum well of Gao.57Ino.43Aso.14Sbo.86/GaSb with 1.7% compressive strain 
and have similar waveguide and cladding materials. The 2.6pm devices are also broad area 
with stripe widths of 60pm and 120pm and have cavity length of 700pm. Table 4.1 
summarizes the active region composition for the two devices while their energy band 
alignment is shown in figure 4.1. The detailed composition for both 2.3pm and 2.6pmdevices 
is presented in appendix 4.1.
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Table 4.1 Summary of active region composition for the 2.3 pm and 2.6pm devices
1( um) Ga In As Sb Barrier strain #QWs Well width
A l0 .3 3 G a o .6 7 A s 0 .0 3 S b 0 .9 7 llnm
GaSb
A"o.,Ga,iAs,.,Sb,
G aSb G aS b  I I
^ ^ 0.53' ^ 0.4^^0.14^^C
lO n m
CB0.5 - >  0.5
CBGaSb
0.0
G a , . 63lno .37A S o , , S b „ ,  
11 nm
VB
-0.5 -0.5
Figure 4.1 Energy band structure of (a) 2.3pm and (b) 2.6pm edge emitting laser samples, 
the X axis is not drawn to scale.
4.3 T em perature  dependence of the threshold  cu rren t density Jth
As stated in chapter three, the threshold current (/;/,) is a very important eharaeteristie of 
semiconductor lasers. Due to the dependence of Ith on the device structure, it is useful to 
evaluate the device threshold current density {Jth) especially for comparison purposes as has 
been described in section 2.13.1. Investigating the behaviour of Jth of diode lasers at various 
temperatures gives insight to their performance when incorporated into optoelectronic devices 
in use. An efficient semiconductor laser should, among other properties, have low Jth which 
should be stable at device operational temperatures. Temperature dependence of Jth of the 
2.3pm and 2.6pm EELs was measured according to the procedure presented in section 3.2. 
The Oxford Instruments static exchange gas liquid nitrogen cryostat was used to change the 
device operating temperature from 80K to 300K in steps of 20 K while measuring the L-I 
characteristics. The results for both devices are presented in the following sections.
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4.3.1 Temperature dependence of Jth in EEL emitting at 2.3pm
Results for the temperature dependence of Jth ïov two EELs with same stripe width and cavity 
length (100pm x 650pm) emitting at 2.3pm is presented in Fig. 4.2. It can be seen that Jth is 
increasing with temperature from a value of 17±lA/cm^ at 80K to ~549±16A/em^ at 300K. 
The Jth values in these 2.3pm devices is much higher compared to similar type I GalnAsSb 
devices with same number of quantum wells operating at 2.3pm and 2.6pm reported in ref 
[116-118] with Jth of 300A/cm^ at 300K and others as low as 76A/cm^ at 300K [22, 26]. Also 
presented in figure 4.2 is the characteristic temperature {To) of the 2.3pm devices. To as 
described in section 2.14 is a measure of the temperature sensitivity of semiconductor lasers. It 
is found that the 2.3pm devices have a To of ~59±3K in the temperature range of 200-300K 
while To of ~102±5K is obtained for the lower temperature range of 80 -160K. Between 
140K-180K, there is a sharp increase in Jth leading to a reduced To of 39±2K. Even though the 
sharp increase in Jth in this temperature is observed in both device 1 and 2, the cause of this 
cannot be fully explained at this stage. However, it may be due to the onset of a non-radiative 
process. These To values are lower than those obtained in similar type-1 devices operating at 
2.3pm which have To of-119K  at room temperature. A more detailed temperature sensitivity 
analysis on the 2.3pm device is obtained by plotting Tg values against the device operating 
temperature as shown in figure 4.3.
To values are calculated using the 3-point centred moving difference technique to remove the 
scatter but maintain the important features of the curve. Results obtained show that at 
temperatures below lOOK, the To(lth) ~7o(lrad) according to the To model (presented in section 
2.13) implying that the Jth of the 2.3 pm devices is dominated by radiative current up to the 
temperature 7g-100±6R called a breakpoint [119]. Below T^-lOOibK, the 2.3pm devices are 
expected to have minimum temperature sensitivity. Above Tb, To values decrease to a 
minimum around 18 OK indicating the onset of non-radiative recombination resulting in a high 
temperature sensitivity oiJth. At temperature from 150K to 200K, a sharp increase in Jth was 
observed (figure 4.2). Above 180K, To increases again and follows the To (Wger) curve. This 
means that Auger recombination dominates Jth of the 2.3 pm devices and therefore, that optical 
losses must not be important in these devices but cannot be ruled out at this stage. This is 
because if optical losses were important. To will continue to decrease due to the inclusion of 
the loss term in the To(lth) as shown in equation 2.43.
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Figure 4.2 Temperature dependence of two GalnAsSb diode lasers emitting at 2.3pm at 
room temperature with To values at high and lower temperature, measured in 
the temperature range of 80K-300K. Device 1 and 2 are both 100pm wide and 
650pm long.
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Figure 4.3 To values (open circles) versus device operational temperature for the 2.3pm 
devices showing fitted lines for To{Imd) and To{lAuger)^ T/2> according to the 
To model.
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4.3.2 Temperature dependence of /th in EEL emitting at 2.6pm
The results of temperature dependence of Jth for two EEL emitting at 2.6pm is presented in 
figure 4.4. It can be seen that the Jth of these 2.6pm devices is highly temperature sensitive, 
with a Jth of ~30±lA/cm^at 80K and increasing to ~700±21A/em^ at 300K. Accordingly, 
calculated To values measured for the 2.6pm devices are 37±2K for 200K< T <300K, 85±5K 
for 140K< T < 180K and 114±7K for 80K < T < 120K range. These 7b values show that in the 
measured temperature range, the 2.6pm EEL is more temperature sensitive at T>200K.The 
plot of To(Ith) versus T  for the 2.6pm devices is presented in figure 4.5. To values are 
calculated using the 3-point centred moving difference technique. At low temperatures up to a 
Tb~ 125±6K, To (Ith) follows the To (Irad) consistent with the 7b model presented in section 
2.13. This means that the temperature sensitivity is determined by change in radiative current 
which is less sensitive to temperature resulting in a high 7b(Ith). Above Tb, 7b(Ith)is observed to 
decrease. The decrease observed between 125K and 180K is due to the onset of Auger 
recombination and agrees with the Tgmodel. Above 18OK, To continues to decrease to ~35±2K 
at 300K and does not follow the 7b(/Auger), as the 2.6pm devices become more temperature 
sensitive. This high temperature sensitivity and the large deviation of the To(Ith) from the To 
(lAuger) curve impHcs that Auger recombination is not solely responsible for the temperature 
sensitivity. It suggests that optical losses or hole leakage may be more significant at 2.6pm.
As was explained for the 2.3 pm EELs, with increasing oc/(T), 7b(7th) will continue to decrease 
as temperature is increasing [119]. The To value of 37±2K at 300K for 2.6pm is within the 
same range with 7b~40K evaluated in similar devices reported in ref [116, 120].
Previous temperature dependence measurements on GalnAsSb based lasers emitting at 
2.37pm [20] and 2.3pm [121, 122] show that the dominant non-radiative mechanism is Auger 
recombination. There are also reports that monomolecular recombination may also contribute 
to the temperature sensitivity of 2.3pm devices [116]. The percentage contribution of the non- 
radiative current path to the Jth for 2.3pm and 2.6pm is estimated through temperature 
dependent spontaneous emission measurement and analysis as will be presented in the next 
section.
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Figure 4.4 Temperature dependence of the GalnAsSb devices emitting at 2.6pm.
Device 1 has a stripe width of 60pm and device 2 has a stripe width of 120pm, 
both devices have a cavity length of 700pm
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Figure 4.5 To values (open cycles) versus device operational temperature for the 2.6pm 
devices showing fitted lines for To{Irad) =T and ToilAuger) =T/3 according to the 
To model.
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4.4 Spontaneous emission m easurem ent and analysis in EEL em itting at
2.3 pm
Spontaneous emission measurements were carried out on 2.3pm devices using the procedure 
presented in section 3.5. Integrated spontaneous emission {Lspon) was measured at various 
temperatures from 80K to 300K for the 2.3pm device as presented in figure 4.6. The plots of 
{Lspon) versus current (7) for these devices show poor pinning of carriers above threshold. 
Ideally, as explained in section 2.3.6 the carrier concentration should not increase above 
threshold due to the lasing process. With increasing carrier concentration, any n dependent 
loss mechanism particularly Auger recombination will continue to increase thereby decreasing 
the differential quantum efficiency of the devices. The reasons for poor pinning in these mid- 
infrared type-I devices is yet to be fully explained. In ridge devices there are suggestions that 
such behaviour could be as a result of the contribution of current spreading into regions that 
are not directly under the ridge(which may not be the ease here since devices are broad area) 
[20]. It is also thought that material inhomogeneities and internal heating could also cause 
non-pinning [123]. In figure 4.7, shows the Tspon-7 measured at 80K, it is seen that at low 
injection the Lspon-I is superlinear consistent with the dominance of defect related 
recombination.
220K, 2 4 ^  260K
SOO^
o 0.8
0) 0.0
EEL, X=2.3]xm 
500ns, 10kHz
400
Figure 4.6 Integrated spontaneous emission Lspon versus / measured from (a) the 2.3pm 
device showing poor pining of carriers above threshold in the temperature 
range of 80-300K.
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Figure 4.7 Integrated spontaneous emission versus current measured at 80K. The plot 
shows poor pinning above threshold current of ~11mA at 80K.
From measurement of Tspon-7 presented in figure 4.6, further analysis have been done to extract 
the percentage contribution of radiative and non-radiative components of the laser threshold 
current. By measuring the integrated spontaneous emission at threshold (Lth) which is 
proportional to the radiative current (Jrad) at various temperatures, the amount radiative current 
for temperatures in the range of 80K to 300K is evaluated and presented in figure 4.8. Detailed 
experimental procedure is presented in section 3.4 while the background theory is given in 
section 2.13.6. From this analysis, it is found that at least 81±5% of Jth of the 2.3pm devices at 
room temperature is due to a non-radiative current path. At 200K, we find that not less than 
40% of Jth is due to non-radiative recombination. Between 80K and 160K, Jjh is dominated by 
the radiative current path. This result is in agreement with Tq analysis presented in figure 4.3 
where To ( / t h )  =/o (/rad) up to a r^-lOOK. The Tq (/rad) for the 2.3pm devices has been 
evaluated from the measured /rad ( /)  as shown in figure 4.9.
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Figure 4.8 Estimated radiative current Jrad (closed circles) contributions to Jth (open 
circles) for the 2.3pm devices.
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Figure 4.9 Plot of measured To (/rad) (squares) and Tq (/Auger) (circles) versus T. To values 
evaluated using the 3 point centred moving technique. The black line is guide 
to the eye.
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It can be seen that the measured To (/rad) is approximately equal to T as proposed by the To 
model. The good agreement between measured To (/rad) and To (Ith) at temperatures up to lOOK 
{Tb) further eonfirms that radiative current determines the temperature sensitivity of the 2.3 pm 
deviees at low temperature. Another agreement of these results is that, above 160K, /non-rad 
starts to inerease (figure 4.8) more significantly and takes at least 81% at 300K. In figure 4.9, 
%(Ith) is observed to follow the To(/Auger) from T=160K and above. It is therefore obvious that 
Auger recombination is the dominant process above 160K. To (Trad) around room temperature 
is ~230±1 IK while the To (Ah) is ~59±3K. A possibility of defects current is not ruled out and 
will be quantified in the next seetion.
4.4.1 Z analysis on EEL emitting at 2.3pm
As presented in seetion 2.13.6, following from equation 2.45, by plotting ln(T) versus 
ln(Aspon)^ ^^  the power dependence of the earrier density for the 2.3pm EEL evaluated as 
presented in figure 4.10. Results show that at 8OK Z ~1.0±0.2, this implies that recombination 
at defects is dominating at this temperature in the 2.3pm deviees.
N
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O  Z  C alcu la ted3
Radiative
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Defects
dominates1
200 3001000
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Figure 4.10 Z values measured (squares) close to threshold in the temperature range of 80K 
to 300K for the 2.3pm EEL. Calculated Z (as explained in text) values also 
plotted in red eircles.
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Figure 4.11 Extraction of defect current at 80K. ln(7) versus ln(Lspon)^^  ^at 80K for 
the EEL emitting at 2.3gm. at this temperature, defects current account 
for -59% of Ith.
At 140K, Z ~2.0±0.3implies that radiative recombination is dominating the Jth up to 160K. At 
300K Z~3±0.4, this means that Auger recombination is dominating in the device at 300K. 
Also plotted on figure 4.10 is the calculated Z (open circles) from the assumption that Z=2+ 
(JAuger/Jth) [124].Thc Calculated Z values fit well with measured Z above 140K. The deviation 
of measured Z from calculated Z at T<140K is expected when defect recombination is 
significant in a device. These results are in good agreement with the Z analysis on GalnAsSb 
devices emitting around 2.3pm previously studied [36] where Z values of ~2.0±0.3 at T < 
160K and ~2.6±0.3 around room temperature were obtained.
It was observed in figures 4.7 that at low injection currents (lower than about WS in this case), 
/oc This is usually due to the influence of defect recombination. In figure 4.11, Z=1 is 
obtained at low(Ith/5) injection current measured at 80K, and extrapolated to Jh where we 
quantify that at 80K -59% of threshold current of 2.3pm devices is due to defects. This 
analysis is in good agreement with those presented in figure 4.10.
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4.5 Spontaneous emission measurement and analysis in 2.6pm EEL
Spontaneous emission measurement and analysis was carried out on the 2.6pm EEL in a 
similar way as was done for the 2.3pm lasers. The Jspon-f plot for a 2.6pm device is shown in 
figure 4.12.Asimilareffect of poor pinning of carriers observed in the 2.3pm is also seen here. 
The reason for this non-pinning is yet to be fully explained. During the experiment, 
spontaneous emission was optimally collected without scattered lasing emission. This was 
checked by measuring the spontaneous emission spectral for a particular temperature below, at 
and above threshold. The spontaneous emission spectral for 2.6pm EEL measured at 8OK 
below /th at 8mA, at Jh of 10mA and above Jh at ISmAas presented in figure 4.13. The S.E 
spectral shows that there is no scattered lasing in it and therefore no-pinning is due to other 
effects..
2-
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Figure 4.12 Lspon versus /for the 2.6pm device measured at 80K to 293K, poor pining of 
carriers observed above threshold.
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Figure 4.13 Spontaneous emission spectrum for 2.6pm measured below threshold at 
8mA (red line), at threshold ofl 0mA (black line) and above threshold at 
15mA (green line). Measurements done in cw mode.
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Figure 4.14 Estimated percentage contributions of Jrad (in triangles) and Jnon-rad (in circles) 
to J/,,for2 .6pm devices.
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4.5.1 Radiative and non-radiative recombination effects in 2.6pm EEL.
The percentage contribution of radiative and non-radiative current to the Jih of 2.6pm EEL is 
estimated as presented in figure 4.14. Results show that more than 97% of Jth at 300K is due to 
non-radiative current path, at 200K non-radiative current accounts for at least 67% of Jth and 
at temperatures at 120K, non-radiative current takes -23% of Jth . These percentages indicate 
that non radiative recombination in the 2.6pm devices is higher compared to the 2.3pm 
devices. This high percentage contribution of non-radiative contributions at various 
temperatures is responsible for the high temperature sensitivity of Jth that is observed in these 
2.6pm devices. To identify the dominant non-radiative process, hydrostatic measurements 
were performed on these devices and the results are presented in section 4.7.
4.5.2 Z  analysis on 2.6pm EEL
Z analysis on the 2.6pm EEL has been carried out too. The temperature dependence of Z in the 
temperature range of 80 to 300K is presented in figure 4.15. It is found that at ~80K 
Z=1.5±0.2, this value is an indication that defects infiuences the 7th at 80K. From lOOK to 
160K, Z~ 2±0.3 indicating that radiative recombination dominates the threshold current of the 
2 .6pm devices in that temperature region.
At 293K Z~2.9±0.4, this value is an indicator that Auger recombination is dominating at room 
temperature. At 300K, Z value of -3.3 is obtained. This value introduces another possible 
current path of carrier leakage in these devices. From our analysis so far carrier leakage and 
Auger recombination may be the two dominating current paths in the 2.6pm devices at 
temperatures above 200K. Hole leakage may be the route which this leakage is occurring, this 
is because the VB offset of the QW to GaSb barrier is small (-54meV).On the same figure 
4.15, the calculated Z values are plotted (circles). Unlike the good agreement obtained in the 
2.3pm devices, there is little agreement between the measured Z with the calculated Z values 
in the 2.6pm EELs except at 293K. The effects of defect current in the 2.6pm EEL is 
quantified at 80K as shown in figure 4.16. The simple model for calculated Z only includes 
radiative and Auger processes, hence its deviation from the measured Z at low (80K) and high 
(300K) T are due to defects and leakage. We estimate that about 76% of threshold current at 
80K is due to defect related recombination. It can be concluded that defect current, leakage 
current and Auger current are important in these 2.6pm devices at high temperature.
4-90
N■ Z measured 
o Z calc, from fig 4.14 
EEL, À=2.6|um_________
3.5
Auger
dominates3.0
2.5
Radiative
dominates2.0 - -Q
Defects
dominates
0.5
200 300100
T(K)
Figure 4.15 Plot showing measured Z values (squares) and the calculated Z (circles) for the 
2.6|Lim EEL.
4
EEL, Z-2.6|um 
80K
500ns, 10kHz
2
defects
0 defects
1 02
ln(L )
' spon'
1/2
Figure 4.16 Extraction of defects current at 80K. ln(7) versus ln(Lspon)^ ^^  at 80K for the
2.6gm EEL. At this temperature, defects current account for -76% of Ith.
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4.6 Pressure dependence measurements on EEL emitting at 2.3pm
The theoretical basis and experimental procedure for the use of hydrostatic pressure to analyse 
semiconductor lasers is presented in sections.4. Hydrostatic pressure is used to further probe 
the loss mechanisms in lasers. Having identified in the above sections that non-radiative 
recombination processes such as Auger, defects, leakage are occurring in the 2.3pm and 
2 .6pm devices, we aim to find the specific dominating process at particular device 
temperatures through pressure measurements. High hydrostatic pressure modifies the band 
structure of a diode laser in a similar way as varying the material composition [88]. The effect 
of high pressure on bandgap is reversible and significantly greater than the effect of 
temperature. It can be seen (figure 4.17a) that by increasing pressure from 0-7kbar increases 
the lasing photon energy of the 2.3pm diode laser by ~76meV at the rate of ~10.6meV/kbar. 
This means that by changing the pressure, any band gap dependent recombination process will 
be affected. Since Ah comprises of current paths due to these recombination processes, a 
change in any of them will be observed in the /th(P). Figure 4.17b shows the pressure 
dependence Jth in 2.3 pm devices at 293K. It can be seen that increasing the pressure from 
Okbar to ~5kbar decreases Jth by about 24%.
From theory presented in section 3.3, this decrease is consistent with decreasing non-radiative 
Auger process caused by increasing the band gap [89, 121]. The dependence of Ah, Auger and 
Aad of 2.3pm EELs on hydrostatic pressure has been evaluated at 293K as shown in figure 
4.19. Here Aad (P) was not measured directly from the laser, we use the assumption that for a 
quantum well, Aad^Eg^, this enables us to deduce the change in Auger with increasing 
pressure according to equation 4.1 [125].
J t h  j P )  ^  rad  j P )  ^  Auger (^ )  q _  ^ ^
/ w ( 0)
Where i? = ^ ( P  = 0)
J f h
Ah(P) is measured and presented in figure 4.17b, Aad (P) =E^(V) while the ratio Aad/Ah at P=0 
is obtained from figure 4.14. Results show that by increasing hydrostatic pressure to ~5kbar, 
the Auger is reduced by -23% and Aad increases by 16%.
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Figure 4.17 The effect of increasing pressure on (a) lasing energy and (b) Jth in 2.3pm
EEL.
1.0
0.9
0.8
■O
0  0.7 
N
'ro 0 .6
E 0.5 
o
^  0.4
0.3
0.2
EEL, 1 -2 .3pm 
500ns, 10kHz
■ Jth
• J rad
▲ JAuger
A A
e# #_i____
2 
P (kbar)
Figure 4.18 /rad (P) (?) (circles) and /h  (P) (triangles) extracted from /h  (?) (squares)
data presented in figure 4.17b.
4-93
4.7 Pressure dependence measurements on 2.6pm EEL
The pressure dependence of E\ase and Jth in the 2.6pm devices measured at 293K and 200K is 
presented in figure 4.19. It can be seen that increasing the pressure to 7.4kbar, increases the 
-Ê'iase by ~80meV. By increasing the pressure to 8.5kbar, the J± decreases by -50% (figure 
4.20). This decrease is consistent with the decrease in Auger recombination as a consequence 
of increasing band gap and the Auger activation energies. It therefore means that Auger 
currents take a significant portion of the 97% non-radiative current contribution to J± at 293K 
reported in figure 4.14. At 200K where it is reported (figure 4.14) that 67% of Jth is due to 
non-radiative current paths. Hence it is expected that the effect of pressure on the Jh at 200K 
will be lower than it is at 293K since the non-radiative (Auger) current is reduced. It can be 
seen that at 200K, increasing the pressure from Okbar to 4kbar decreases the Jh by -10% 
while at 293K Jth is decreased by -40% at P=4kbar.
0.58
60^m 2.6)Lim EEL 
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293K0.56
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Figure 4.19 Pressure dependence of E\ase of 2.6pm EEL measured at 293K
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Figure 4.20 Pressure dependence of Jth at 293K (squares) and at 200K (circles). Observed 
increase in To with increasing P. Tq values set using absolute values of Th
At 200K, the pressure eell was leaking at pressure levels above 4kbar hence measurements 
were not possible at higher pressure levels. Improved temperature sensitivity is also observed 
with increasing pressure. Tq values are observed to increase from Tq (Okbar) =37±2K at 200< T  
<293K to ~50±3K at 4kbar as shown in figure 4.20. This further confirms that the 
temperature sensitivity of these 2.6pm devices is governed by the dominant Auger 
recombination. Increasing pressure reduces the JAugerthus reducing the temperature sensitivity.
Using the pressure tuning effect on the 2.6pm EEL, the wavelength dependence of the Tq has 
been evaluated as presented in figure 4.21. By increasing pressure, the Eiase increases, causing 
the laser emission wavelength to decrease. Under pressure, the 2.6pm is made to operate at 
shorter wavelengths down to 2.15pm and the Tq values for the 200K to 293K temperature 
range are seen to increase with decreasing wavelength. It is shown that by tuning the 2.6pm 
device with pressure to emit at 2.3pm with a Tq similar to the original 2.3pm (To=53±5K) but 
reduced threshold current. This shows that whatever is determining the temperature sensitivity 
in these devices is band gap sensitive. Auger recombination is likely to be the dominant 
process in these devices.
4-95
EEL, A,=2.6 pm 
10kHz, 500ns 
200K<T<293K
60
293K
50o
40
2.3 2.52.1 2.2 2.4
Figure 4.21 Wavelength dependence of Tq in the temperature range of 200K to 293K 
determined from pressure tuned Eiase (measured at 293K).
Assuming that Jrad for the 2.6pm and using the relation of equation 4.1, the effect of 
increasing pressure on Jauger and Jrad is estimated at 293K and 200K as presented in figure 
4.22 and 4.23 respectively. It can be seen that the contribution of JAuger to Jth is decreasing 
while that of Jrad (circles) is increasing consistent to theory presented in section 3.3. 
In figure 4.20 at 293K Jauger decreases by -44% at P=4kbar while at 200K, JAuger is observed 
to decrease by -19% at P=4kbar. The smaller effect of pressure at 200K indicates that there is 
less Auger at 200K in agreement with previous data presented in figure 4.14.
Having established that the dominating loss process in these 2.3pm and 2.6pm devices is 
Auger recombination, there is need for further analysis to narrow down which Auger process 
is dominating. Considering the band structure of these 2.3pm and 2.6pm devices with lasing 
photon energy (eel-hhl) of -548meV and -490meV, spin-orbit split-off band energy of (hhl- 
Aso) ~699meV and 720meV respectively at room temperature, the conduction-hole Hole-spin- 
split offhand (CHSH) Auger recombination is expected to be reduced.
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Similarly, the strain in the quantum wells widens the separation between the first heavy hole 
subband (hhl) and the first light hole (Ihl) [120, 122, 126] reducing the probability of the 
CHLH Auger process. There is however a possibility that other valence band subbands may 
become resonant with the promoting IVBA but this has not been specifically identified at 
the moment. Therefore the most likely dominant Auger process in these devices is the 
conduction-hole-conduction-conduction (CHCC) process especially due to the direct type I 
band alignment and reduced band gap. Theoretical determination of the variation of Auger 
coefficients with increasing temperature in 2.3-2.6pm InGaAs Sb/AlGaAs Sb by Andreev et al 
also show higher CHCC coefficients and higher temperature dependence [122]. In figure 4.20, 
at pressure level of ~7kbar, the Jh goes through a minimum and begins to increase at P~8kbar. 
Previous pressure measurements on InGaAsSb diode lasers emitting at 2.37pm also show that 
/th increases above 8kbar [127]. It is therefore possible that at higher pressure, Eg approaches 
the spin-orbit split-off band And this will promote the CHSH Auger process in these devices. 
It is also possible that IVBA resonances may occur, causing the Jh to increase in these EELs.
4.8 T em perature  dependence of Eiase in EEL  em itting a t 2.3pm and  2.6pm
As presented in section 2.2, the Fermi distribution of carriers in the semiconductor is 
temperature dependent. Therefore, changing the operational temperature of semiconductor 
device leads to changes to its carrier distribution. Thus, with increased carrier concentration, 
most «-dependent recombination processes (monomolecular, radiative and Auger) are 
increased at high temperature causing Jth to increase rapidly. The high temperature sensitivity 
of the Jth in type I quantum well lasers is usually associated with the dominance of 
temperature favoured non-radiative current path to Jth [128]. Increasing the device temperature 
reduces the bandgap and photon energies.
The effect of temperature on the E'lase of the 2.3 pm and 2.6pm is presented in Figures 4.24 and 
4.25 respectively, along with the accompanied change in wavelength. It can be seen that by 
increasing temperature from 80K to 300K, the Eiase decreases by ~60meV at the rate of 
0.27meV/K. The result fits well with the Varshni equation.
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Figure 4.24 The effect of temperature on (a) bandgap energy and (b) the corresponding 
wavelength change of the 2.3 pm EEL. Measured in CW from 80K to 240K and 
pulse from 260K to BOOK, at 500ns 40 kHz. E'iase(T) fitted with Varshni 
equation (Fitting parameters; a=4.201 x lO '\ p=271 and Eq= 0.61 leV).
•  EEL, l=2.6pm^  
—  V arsh n i fit
0.54
0  0.52
0.50
0.48
300200100
(b) 2.6
2.5
2.4
2.3
2.2
300100 200
T(K) T(K)
Figure 4.25 The effect of temperature on (a) bandgap energy with the Varshni fit (red dashed 
line) and (b) the corresponding wavelength change of the 2.6pm EEL. 
Measured in CW from 80K to 240K and pulse from 260K to BOOK, at 500ns 
40kHz. E'iase(T) fitted with Varshni equation (Fitting parameters; 
a=3.192 X  10". p=I26 a n d £ » =  0.556eV).
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4.9 E xternal differential efficiency
The slope of the L-I curve is proportional to the external differential efficiency (r|d) as 
explained in section 2.13.2. The L-/curves for the 2.3pm EEL measured at the temperatures of 
80K to 300K is presented in figure 4.26. The slope of L-I curves for each measured 
temperature for both the 2.3pm and 2.6pm devices has been determined and the results are 
presented in figure 4.27. In the measured temperature range, ^^/for the 2.3pm is observed to 
decrease by a factor of 7. Similarly for the 2.6pm, rj^  decreases by a factor of 3 in the 
temperature range of 8OK to 300K. The most probable reason for this decrease may be related 
to an increasing temperature dependent absorption processes such as inter-valence band 
absorption and non-pinning of carriers [129]. As explained in seetion 2.13 for the ease of 
IVBA, emitted photons can be reabsorbed if the photon energy is resonant with subband 
energies and spin split off band in the valence band. For the case of non-pinning, if n is 
increasing above Ith, Auger recombination current increases by n and hence the internal 
efficiency decreases with increasing current above threshold, thereby causing the external 
differential efficiency to decrease.
3
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Figure 4.26 L-I characteristics of 2.3pm EEL measured in the temperature range of 
80K-300K in steps of 20K. Device is 100pm wide and 650pm long.
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2.3pm EEL (circles) and 2.6pm (squares) normalised at 80K.
As shown in the sections above, there is poor pinning of carriers above threshold in both 
2.3pm and 2.6pm devices. Therefore we assume that the decreasing differential efficiency is 
due to increased optical losses and decreasing internal quantum efficiency as temperature is 
increasing. It can be observed (figure 4.27) that above 200K, there is steeper decrease of in 
the 2.6pm EEL compared to the decrease in the 2.3pm EEL. This is in agreement with the Tq 
data for the two devices represented in figure 4.28. It can be seen that above 200K, the Tq (/th) 
of the 2.6pm devices continue to decrease away from the Tq (/Auger) signifying the presence of 
optical loss processes as was explained in section 4.3.2.
Also, from Z analysis, there is evidence of leakage in the 2.6pm devices at high T\ this may be 
an additional reason for this sharp decrease in rj^ j at high T. In the 2.3pm devices, the lower 
decrease of rjd may mean that Auger recombination is more important as suggested by the Tq 
analysis shown (squares ) in figure 4.28. Hence, the additional effect of optical loss is minimal 
at high temperatures.
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The challenge now is to identify the band resonances with Eiase that are promoting optical 
losses. By increasing the temperature from 80K to 300K, the band gap is decreased by 40meV 
and looking at the valence band structure the resonances with the spin-orbit split-off band are 
not possible in both 2.3pm and 2.6pm devices [122]. IVBA is still likely to occur due to 
possible resonances of the with the heavy-hole (hhl) - light-hole (Ihl) subbands energies.
4.9.1 Comparison of the 2.3pm and 2.6pm EELs
The 2.3pm and 2.6pm devices are made of the same QW material (GalnAsSb) but differ in
strain and material composition with different barrier material AlGaAsSb and GaSb for the
2.3pm and 2.6pm EELs respectively. The 2.3pm device has 2 quantum wells while the 2.6pm
one has a single quantum well. The Jth per quantum well for these devices is presented in
figure 4.29. It can be see that Jth of the 2.6pm device is about twice more than the Jth of the
2.3pm devices at 300K. Also it is found that the 2.6pm device is more temperature sensitive
with a Tq value of 37±2K compared to 59±3K obtained in 2.3pm at higher temperatures. From
spontaneous emission measurements, we found that at least 97% of A  of the 2.6pm EEL is
due to non-radiative current while in the 2.3pm devices the contribution of non-radiative
current is less but takes up to 81% of their /th-
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Figure 4.29 Temperature dependence of the J(h per quantum well for the 2.3pm (squares) 
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It has been shown that monomolecular reeombination is occurring in these devices with 
Z~1.0±0.2 at 80K (figure 4.30) and it takes up to 56% and 76% of threshold current of the 
2.3pm and 2.6pm EELs respectively. In the 2.6m EELs, there is evidence of carrier leakage 
from Z analysis with Z~3.3±0.4 at 300K due to low VB offset as shown in figure 4.1.
Evidence from pressure dependence of 7th of the two devices under study show that the 
contribution of Auger reeombination in the 2.6pm EEL is higher than it is in the 2.3 pm EEL. 
The normalised /th(P) and Tth/QW for the two devices is presented in figure 4.31 and 4.32 
respectively. It can be seen that at P=4kbar, the Ith of the 2.6 pm devices decreases by about 
double the Ith of the 2.3pm. Since Auger current is identified to decrease with increasing 
bandgap, it is concluded that the effect of non-radiative Auger recombination in the 2.6pm 
device is more than it is in the 2.3pm devices. From pressure dependence of Eiase, at 200K to 
293K, the % (A.) has been evaluated as shown in figure 4.21. It is seen that the temperature 
sensitivity of these devices improves when the bandgap increases in agreement with theory. At 
a pressure of about 6.3kbar, the 2.6pm device emits -2.3pm with -43% reduction in /non-rad 
and To -54±3K (200K>T<300K).
1.0
"o 0.9 
0)
CO
0.8
E
o  0.7 
- ' 0 . 6  
0.5
1 - --- 1---- - 1
•  2.3jum EEL 
■ 2.6jum EEL 
RT, 500ns, 10kHz ‘
•  • •
-  • • •  
■
■
___1____ __1___■___l_
•
■
■ ■ ■■
__ »____ __■
0 2 4 6 8 10
P kbar
Figure 4.31 Pressure dependence of normalised Ith of the 2.3 pm and 2.6 pm devices.
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From figure 4.32, it can be seen that the 2.6pm device under pressure is slightly worse (with 
higher Ity) than the 2.3pm. This is due to the fact that the 2.6pm device under pressure will 
have a lower VB band offset and will therefore have higher leakage current.
The decreasing differential efficiency with increasing temperature in these devices could be 
explained by the non-pinning of the carrier density above threshold.
4.10 Sum m ary
Recombination processes in Gain As Sb based type-I QW well lasers emitting at 2.3 pm and 
2.6pm EELs at room temperature have been studied. The temperature dependence of the Jth of 
these devices was determined at temperatures of 80K to 300K. Results show that Jth of both 
devices are temperature sensitive with Tq values of 37±2K for the 2.6pm EEL and 59±3K 
obtained for 2.3pm at 200K<T<300K.The high temperature sensitivity is due to the 
dominance of non-radiative current with increasing temperature. The effect of non-radiative 
reeombination on Jth is quantified through spontaneous emission measurement and analysis. It 
is found that at room temperature, non-radiative current accounts for at least 81% and 97% of 
7th in the 2.3pm and 2.6pm EELs respectively.
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Also, The 7th of both devices was found to be decreasing with increasing pressure, consistent 
with a decrease in Auger recombination. Further analysis based on the Tq model and Z 
analysis indicate that even though Auger reeombination is the dominant recombination 
process, both devices suffer the effect of defect related recombination which at 80K, takes up 
to 56% and 76% of threshold current of the 2.3 pm and 2.6pm EELs respectively. In the 2.6pm 
EELs, there is also evidence (from Z analysis with Z^3.3±0.4 at 300K) of carrier leakage. The 
band offset of the GalnAsSb/GaSb quantum well in the 2.6pm EEL being small (~54meV 
compared to the ~166meV in the 2.3pm) is a possible route for hole leakage at elevated 
temperatures.
The differential efficiency of both the 2.3pm and 2.6pm devices is also found to be decreasing 
with increasing temperature. This is attributed to the non-pinning of carriers above threshold 
in both devices since with increasing n, above threshold leads to decrease in internal quantum 
efficiency which in turn causes the differential efficiency to decrease. At pressure levels 
above ~8kbar, it is observed that Jth begins to increase. This effect is may be due to the onset 
of the CHSH Auger process as previous determined on similar (InGaAsSb) diode lasers 
emitting at 2.37pm [127].
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5 Chapter Five: 2.3pm and 2.6pm GalnAsSb BTJ-VCSELs
5.1 In troduction
In this chapter, experimental results on GalnAsSb based VCSELs emitting at 2.3pm and 
2.6pm are presented. VCSELs operating at 2.3 pm to 2.6pm are suitable for use in CO, H2S 
sensing etc [130]. As presented in figure 1.1, there is an atmospheric window in this 
wavelength range that allows sensing of many gaseous pollutants without the interference of 
water or carbon dioxide. Due to the compact nature of VCSELs and their inherent single 
longitudinal mode emission coupled with other advantages such as low cost as stated in 
section 2.12, VCSELs are preferred for most of these applications. Obtaining a temperature 
stable cw room temperature operated VCSEL in this mid infi*ared window is key as they will 
be used as light sources in tunable diode laser absorption spectroscopy (TDLS) [12]. TDLS is 
the basic technique for gas sensing.
It is therefore very important to understand the underlying physics of the factors that govern 
the performance of VCSELs under ambient conditions. It has been identified that non- 
radiative recombination as well as gain peak- cavity mode offset are the main factors that 
govern the performance of VCSELs [41, 106, 131]. In this work, the temperature dependence 
of the threshold current Ith (T) for both VCSELs is analysed. Also presented is the effect of 
gain peak and cavity mode detuning on the performance of both VCSELs which was studied 
using temperature and hydrostatic pressure techniques.
5.2 2.3jLim and 2.6^m  BTJ-VCSELs: Device structu re
The BTJ-VCSELs studied here were grown at the Walter Schottky institute (WSI), Technische 
Universitat München, Germany using molecular beam epitaxy (MBE). The 2.3pm BTJ- 
VCSEL (VCSEL-1 &2) has five 11 nm thick quantum wells made of Ga0.63In0.37As0.03Sb0.97 
with 8 nm thick Al0.33Ga0.67As0.03Sb0.97 barriers. The 2.6pm BTJ-VCSEL (VCSEL-3) is made 
of seven lOnm thick Ga0.57In0.43As0.03Sb0.97 quantum wells with GaSb barriers. The cavity of 
both VCSELs is made of 24 pairs of (bottom) Te-doped AlAsSb/GaSb distributed Bragg 
reflectors (DBRs) and is grown on an «-doped GaSb substrate yielding a reflectivity of 99.8% 
at the operating wavelength of each device. A />-GaSb/«-lnAsSb buried tunnel junction (BTJ) 
is then grown; the BTJ serves as a current aperture which confines current to the active region. 
A low-resistive top contact layer of InAsSb is grown and sputtered with Ti/Pt/Au ring 
contacts. Finally, a 4 pair dielectric DBR, consisting of amorphous Si/Si02 with a peak.
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reflectivity of 99.7%, is evaporated on top of the structure. Initial device test characteristics 
show that lasers operate in continuous wave (cw) regime at room temperature with an output 
power around 0.8mW. The VCSELs are housed on a transistor outline (TO) header with a cap 
and PIN provisions for current connection. On the TO header is a peltier heating element with 
thermistor offering a possibility of regulating the VCSEL temperature. The schematics of the 
TO header for VCSELs 1, 2 and 3 are shown on the device test data sheet presented in 
appendix 5.1. 5 Two 2.3pm VCSELs were used during the study. VCSEL-1 with sample 
number A0006034 was first supplied for the experiments but it failed after a few sets of 
temperature and pressure dependent measurements. VCSEL-2 with sample number A0006142 
was then supplied. The main difference between VCSEL-1 and VCSEL-2 is their aperture 
diameter ( D b t j )  which leads to different current pump areas as presented in table 5.1. A 2pm 
diffusion length is added to the aperture diameter to account for carrier diffusion around the 
BTJ. VCSEL-3 with sample number A000577 has a DBTj=8.5pm. The schematic structure of 
the BTJ VCSEL is shown in figure 5.1. Detailed growth and characterization of these 
VCSELs can be found in references [104, 107, 130, 132].
p-contact
GalnAsSb Quantum 
wells
(1.6% strain)
epitaxial mirror:
24x AlAsSb/GaSb 
{R = 99.8%)
n-GaSb substrate
dielectrical mirror:
4 X Si / SiO, {R = 99.7%)
n-contact buried tunnel junction (BTJ)
Figure 5.1 Schematic stmcture of the 2.4pm BTJ- VCSELs. Reproduced from ref [133]
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Table 5.1 Device features for the two 2.4pm VCSELs studied.
Sample Number BTJ diameter 1(RT) Pump Area with diffusion
VCSEL- 1 (A0006034) 5 pm 2.4 pm 3.8 X 10 " cm"
VCSEL- 2 (AGG06142) 12 pm 2.4 pm 1.5x10'^ cm"
VCSELS (AGGG577) 8.5 pm 2.6 pm 8.66x 10'  ^cm^
5.2.1 Temperature dependence of the threshold current of VCSEL-1
The temperature dependence of Ith of VCSEL-1 was measured according to the procedure 
similar to the one presented in section 3.2. The difference here is that the experiment was 
conducted using the peltier element in the TO package for temperature control. For the 
temperature dependence measurements the thermistor on the TO header was connected to the 
temperature controller and set-up with appropriate values of Steinhart coefficients and used in 
a similar way as the set up presented in section 3.2. The Steinhart coefficients for the 
thermistor are provided on the data sheet in appendix 5.1. The VCSEL was driven ew with a 
Keithley 2400 SMU. The temperature dependence of Ith for VCSEL-1 is presented in figure 
5.2. It can be seen that the Ith of VCSEL-1 increases as temperature is increasing from 0.89 
mA at 285 K to -1.4 mA at 325 K. The To of the VCSEL in the measured temperature range is 
found to be 7 IK. But as presented in section 2.16.2, the Ith of VCSELs depends also on the 
gain peak {E qp) and cavity mode {E cm)  alignment which depends on the device operating 
temperatures. Unlike the EELs, at the lower temperatures the Ith of VCSELs may not 
necessarily be lower than the high temperature values. Hence the Tq of a VCSEL is less 
meaningful. The typical temperature dependence of Ith Uth (T)] behaviour is observed in 
VCSEL-2 over the temperature range of 130 K to 340 K as presented in figure 5.3 with the 
temperature dependence of threshold current density (Jth) [Jth (T)] for VCSEL-1. Temperature 
dependence measurements on VCSEL-2 were carried out using an Oxford Instruments static 
exchange gas liquid-nitrogen-cooled cryostat (model DN704). The cryostat is heated by a coil 
regulated by Oxford Intelligent 3120 Temperature Controller. At 13OK, VCSEL-2 records a 
Jth value of - 8kA/cm^ which is the maximum over this temperature range. Jth (of VCSEL-2) 
then decreases as temperature is increased to a minimum of 2.53kA/cm^around 240K before 
increasing again to a Jth -7.7kA/cm^ at 340K. This Jth (T) behaviour is usually attributed to the
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interplay of Egp and Ecm tuning by temperature and the effects of non-radiative recombination 
processes.
Initial characterization of VCSEL-1 by the growers stated that its minimum Jth (pulsed) is 
found around 263K [134]. When the Ecp and E'cM are not aligned an increased gain is required 
to achieve threshold gain at the cavity mode resonant wavelength. This poses a secondary 
problem to VCSEL performance which is made worse by the fact that E c p  and E cm  move with 
temperature at different rates as illustrated in figure 5.4. To be able to get the in-depth 
knowledge on what is happening to the threshold current, the analysis of E c p  and E cm  
detuning for VCSEL-1 is carried out as presented in the next section.
2.0
VCSEL 1, BTJ^=5pm 
1=2.4pm___________
T =71K
— -  1.0
0.5
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T(K)
Figure 5.2 Temperature dependence of Jh for VCSEL-1 with TO =71K between 285K to 
325K
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Figure 5.4 Illustration of Ideal gain peak (shown in red) and cavity mode (shown in blue) 
with the rate of temperature and pressure dependence.
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5.2.2 Gain-peak and cavity mode detuning analysis on VCSEL-1
To investigate the effect o f  E qp and EcM alignment in a VCSEL, it is necessary to measure E qp 
and jE'cm independently. Since the cavity mode of a VCSEL determines its lasing wavelength, 
by measuring the lasing photon energy (E'^e) of a VCSEL, its E cm can be estimated. An EEL 
will always lase close to the peak of the gain spectrum but for a VCSEL the lasing wavelength 
is determined by its cavity mode. In this study, E gp for the VCSEL-1 is estimated by 
measuring the Ejase from an EEL with nominally the same active region as the VCSEL. The 
structural details and performance characteristics of the EEL used for this purpose have 
already been presented in section 4.1.
5.2.2.1 Temperature dependence of gain peak and cavity mode of VCSEL-1
The Eiase of VCSEL-1 was measured by incorporating the Bomem FTIR into the laser 
measurement setup presented in section 3.1. Measurements of the lasing wavelength (1) at 
temperatures from 280K to 330K were performed in cw mode for VCSEL-1. For the EEL, 
measurements were performed in cw mode from 80K to 240K (7th: -lOmA to 130mA) and 
pulsed from 260K to 300K (7th ~180mA to 570mA). This was done to reduce the effect of 
joule heating at increased device current. The temperature dependent measurements on 
VCSEL-1 were carried out using the peltier element in the TO package in a similar way as 
explained in section 5.2.1 while an Oxford Instruments static exchange gas liquid-nitrogen- 
cooled cryostat (model DN704) was used for the EEL.
The Eiase was determined using equation; Eiase (eV) =1.243/l(pm) and results of the 
temperature dependence of Eiase for both EEL and VCSEL-1 are presented in Figure 5.5. It is 
found that the rate of change of Eiase with temperature dEiase/dT= A E qp (T) =-0.30meV/K for 
the EEL and dEiase/dT= zIE'cm=-0.05 meV/K for VCSEL-1.This implies that both jEc?and E cm  
move to lower energies as the temperature is increased as presented earlier in section 2.16 but 
the E'gpmoves at a faster rate of ~6 times more than the E cm- In VCSEL-1, it was reported that 
the minimum Ith and the E gb-  E cm  alignment is obtained around 263K [134]. Also, there is 
an estimated blue shift of ~36meV between the Eiase which is attributed to slightly different 
growth procedure in the VCSEL and the EEL [134]. The adjusted VCSEL E gp is therefore 
plotted as the dashed line in figure 5.5. Figure 5.5 shows that the E gp and Æc# are aligned at 
E ia s^  0.5202±0.002eV and yield a detuning of about lOmeV at room temperature. It is 
therefore expected that at 263K (±IOK), the VCSEL-1 should benefit from gain-cavity mode 
alignment with a minimised Jth- This however depends on the contribution of other degrading 
effects like non-radiative Auger recombination processes and carrier leakage [135].
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The temperature dependenee of the Jth of VCSEL-1 and VCSEL-2 is presented in figure 5.6 
along with the illustration of the gain peak cavity mode detuning at temperatures below and 
above 263K.
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Figure 5.5 Temperature dependenee of lasing energy for the EEL and VCSEL.
Extrapolated Gain-CM alignment at T -263K (±10K) suggests a detuning of 10 
meV at RT. The dashed line is offset by 36meV.
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Figure 5.6 Temperature dependenee of Jth of VCSEL-1 and VCSEL-2. Insets are 
illustrations of the expected gain peak and cavity mode position below and 
above 263±10K
5.2.2.2 Pressure dependence of gain peak and cavity mode of VCSEL-1
High hydrostatic pressure is a very useful tool for changing the band gap of semiconductor 
lasers at a constant temperature enabling the study of both the recombination processes in 
semiconductor laser generally and effects of the Egp -  Ecm alignment in VCSELs since the 
refractive index changes with pressure thus changing the cavity mode [41, 136]. In this work, 
devices were mounted in a high pressure cell connected to a helium gas compressor as 
discussed in the experimental setup and procedure presented in section 3.3. Figure 5.7 shows 
the pressure dependence of Eiase for the EEL which is taken to be the Ecp. It is found that the 
applied pressure tunes Egp at a rate of dEgf/dP ~ 1 ImeV/kbar. This value is consistent with 
published data on similar alloys [136]. In the VCSEL-1, the effect of applied pressure is more 
complex because of the fact that the Ecm changes more weakly with pressure than the band
gap.
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Figure 5.7 Pressure dependence of lasing energy in the EEL in black circles. The red 
dashed line is the estimated pressure dependence of Egp (taking into account 
the blue shift of ~36meV) and the red dashed line gradient is calculated 
[Ecd?)=\!6 £gKP)] for VCSEL-1.
For the VCSEL-1, the pressure variation of Ecm was not measured directly; instead it is 
assumed that the ratio between the pressure gradients of the Egp (P) and Ectw(P) is the same as 
the ratio between the temperature gradients Egp (T) and E'cm(T). From figure 5.5dE'GfA/F=6 x 
dEcTi/dT. Therefore we assumed that àEcp/àV = 6 x dEcAf/dP. This approximation was found 
to be reasonable in previously studied shorter wavelength VCSELs [136, 137], and is also 
confirmed in VCSEL-3 as presented in section 5.3.3.1.
The Ecm is the plotted (blue dashed line in figure 5.7) and taking into account a blue shift of 
~36meV, a pressure tuned alignment is obtained at P  ~1.2kbar {Egp^  0.5204±0.002eV) at 
293K. This also yields a detuning of lOmeV at atmospheric pressure, thus agreeing with the 
temperature tuning analysis of figure 5.7. The extrapolations in figures 5.5 and 5.7 are 
consistent, it can be concluded that E g p  and E c m  have zero offset at T= (263±10) K.
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5.2.3 The effect of Gain-peak and cavity mode alignment on Ith of VCSEL-1
The pressure dependencies of Ith inVCSEL-1 at three different temperatures was undertaken to 
observe the behaviour of the threshold current as the VCSEL’s E gp and Ecm are tuned by 
pressure (figure 5.8). At 263K where a minimum Ecp and Ecm detuning is expected, increasing 
pressure detunes Egp and Ecm causing Ith to increase strongly with increasing pressure (figure 
5.8). At higher temperatures (293K and 303K) where Auger recombination in similar quantum 
well devices is found to be the dominant current path (as reported in chapter four of this 
thesis), the effect of increasing pressure will be felt twofold. The initial application of high 
pressure causes Ith to decrease improving device performance, but above 1.4kbar Ith increases 
as pressure. It has been shown (figure 5.7) that at room temperature and atmospheric pressure, 
the VCSEL-1 is already detuned and increasing pressure at this temperature will detune the 
VCSEL further. Therefore, the initial decrease of Eh is due to the decrease o f Auger 
recombination as the band gap is increased by pressure while the increase in Ith can be 
attributed to detuning. It can be seen that in the pressure range of 1.0 tol.4kbar the threshold 
current is almost temperature insensitive.
Further pressure and temperature dependent analysis has been performed to check the effect of 
Egp and Ecm tuning on the temperature sensitivity of Eh in VCSEL-1. In figure 5.9, the Ea (T) 
at three different pressure levels (Okbar, 1.3kbar and 2.25kbar) is presented. At Okbar, the 
temperature dependence of Ea is caused by both increasing Auger recombination and Egp-Ecm 
detuning. Thus Ith is observed to be increasing with increasing temperature.
At 2.25kbar the Egp is tuned far away from the Ecm, therefore increasing temperature shifts the 
Egp closer to Ecm causing a decrease of Ith due to an improved alignment of the Egp and Ecm- 
At 1.3kbar, Ith is almost temperature insensitive in the measured pressure range. This is 
because the expected Egp- Ecm alignment around 1.2kbar compensates for the increase in 
Auger recombination with increasing temperature and as a result Ith (T) is more stable at this 
pressure yielding an infinite Tq. From these pressure and temperature tuning analysis, the 
initial estimate that the Egp and Ecm are aligned at 263 ±10K is reasonable. But due to the 
dominance of non-radiative Auger recombination at temperatures above 200K in these 
GalnAsSb devices emitting around 2.3 pm, the minimum Ith in VCSEL-1 may be observed at a 
temperature lower than 263K as earlier published [41]. This claim is supported by the fact that 
spontaneous emission measurements on shorter wavelength VCSELs show that while the 
radiative current in VCSELs is minimised when Egp = Ecm Jth goes through a minimum at a 
lower T [135] non-radiative recombination.
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Figure 5.8 Pressure dependenee of Ith in the VCSEL-1 at 303K, 293K and
263K. Observed stable /?/,(?) around 1.0-1.4kbar pressure range.
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Figure 5.9 Temperature dependence of fh for VCSEL at different pressure. At P= 1.3kbar 
the device has the lowest temperature sensitivity with almost infinite T q.
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Spectroscopy experiments were carried out to determine the position of E gp and E cm- The 
spectroscopy studies were carried out by Natasha Fox and Jeff Hosea at the University of 
Surrey, details of these measurements can be found in [138]. Different techniques were used to 
determine the quantum well transitions and the position of cavity modes in the same wafer 
which VCSEL-1 was made from two samples were measured; a complete VCSEL and the 
other without the top DBR. According to photo-modulated reflectivity results presented in 
figure 5.10 shows that, the quantum well transition energy correspond to the Eiase measured 
from the EEL which represents the Egp of the VCSEL shown in open circles. These 
spectroscopy results also compensate for the reported blue shift (of ~35meV). Accordingly, it 
can be seen that the E gp and E cm  (in open triangles) are aligned around 260K. This also agrees 
with the device measurements reported above.
I
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ÜJ
0.58 O QW VCSEL w afer
V  Reflectivity from  VCSEL w afer
O E|ase from  EEL red sh ifted  by 35meV
V  E|ase from  VCSEL
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EEL
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Figure 5.10 Graph showing results of the spectroscopy and the devices measurements.
Measurements of quantum well transition (red) from VCSEL wafer without top 
DBR. Results from full VCSEL wafer is shown in blue symbols. Device 
measurements {Eiase) on VCSEL and EEL are in open black triangles and 
circles respectively [138].
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5.2.4 Multimode emission observed in VCSEL-2
As was explained in section 2.16.3, VCSELs have widely spaced longitudinal modes and 
should emit single longitudinal mode since only one mode can be reached at threshold. 
However multimode emission has been observed in VCSELs [139, 140] and is said to limit 
the output power of VCSELs at higher temperatures and pump current. Multimode emission 
peaks have been measured in VCSEL-2 and presented in figure 5.11. The peak wavelengths 
were measured at 10% below and above 1th in cw mode. Results show more than one emission 
peak at both below and above Ith in the VCSEL-2. Three notable peaks were measured at each 
temperature, the energy and emission wavelength of peak 1, 2 and 3 has been plotted in figure 
5.12. Peak 2 is the middle emission peak and is of higher intensity. Peak 1 and 3 are side 
peaks and have lower intensities. Generally, multimode behaviour in VCSEL is attributed to 
lasing of higher order transverse modes. The higher order modes arise from inhomogeneities 
in the current pump profile or spatial carrier distribution [105]. It has been reported that at 
higher current, thermal gradients in the VCSEL cavity becomes stronger in such a way that 
emission of higher order transverse mode is preferred. In BTJ-VCSELs, it has been shown 
that the strong index guiding which is caused by the high index step of the BTJ location is the 
reason for strong higher order transverse modes but that the effect is reduced in wider aperture 
devices (Dbtj > 6 pm) [104].
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Figure 5.11 Emission wavelength profile of the VCSEL-2 measured at 130-31 OK. 
Multimode peaks observed below and above threshold.
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5.3 Experim ental rep o rt on 2.6pm-VCSEL (VCSEL-3)
Similar measurements to those carried out on VCSEL-1 and 2 were carried out on VCSEL-3.
In VCSEL-3, both temperature and pressure dependence of the Egp and E'cM have been 
measured experimentally and results are presented in the following sections.
5.3.1 Temperature dependence of threshold current of VCSEL-3
The temperature dependence of Ith of the VCSEL was measured according to the procedure 
presented in sections 3.3 and 5.2.1. Temperature dependence measurements on VCSEL-3 
were performed using an Oxford Instruments static exchange gas liquid-nitrogen-cooled 
cryostat (model DN704). The temperature dependence of the threshold current measured in 
pulsed mode for the VCSEL-3 at the temperature range of 80-320K is presented in figure 5.13. 
It can be seen that Ith of VCSEL-3 decreases from 21.5mA at 80K to a minimum value of 
-5mA around 220K and then increases to -8.5mA at 320K. At low temperatures, non- 
radiative recombination is reduced; therefore the most likely cause of the higher Ith at low 
temperatures must be the E c m - E g p  de-tuning. At higher temperature (above 230K) the increase 
is mainly due to the dominating Auger recombination is these GalnAsSb type-I quantum well 
lasers as reported in chapter 4. A full understanding of the Ith (T) can only be obtained through 
gain peak and cavity mode analysis which are carried out reported in the following sections.
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Figure 5.13 Ith dependenee on temperature in VCSEL-3 with calculated T'évalues at low and 
higher temperatures.
5.3.2 Gain-peak and cavity mode tuning in VCSEL-3
To investigate the effect of gain-peak {Egp) and cavity mode {Ecm) alignment in the 2.6pm 
BTJ-VCSEL a similar technique to that adopted in section 5.2.2 is used. Thus an EEL with 
nominally the same active region as the 2.6pm BTJ-VCSEL and also emitting around 2.6pm 
at room temperature was used for this analysis. By measuring the temperature and pressure 
dependence of Eiase in the EEL the Egp of the VCSEL is estimated. The Ecm is determined 
directly by measuring the Eiase of the VCSEL.
5.3.3 Temperature dependence of gain peak and cavity mode of VCSEL-3
The temperature dependence of Eiase in the EEL and the VCSEL was also measured using the 
ARCoptix ANIR FTIR. Spectral measurements on the VCSEL-3 were performed in cw at all 
temperatures as was the case for the VCSEL-1. For the EEL, measurements were performed in 
cw at temperatures from 80K to 220K and pulsed from 240K to 320K. This change of power 
source for the measurement of Eiase in the EEL is because of increased Ith in the EEL at 
temperatures above 220K such that it was anticipated that cw current might overheat the 
device. As already explained, the measured change in Eiase of the EEL corresponds to the 
change in E gp of the VCSEL, while the measured change in Eiase of the VCSEL corresponds to 
the change of its E cm-
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Figure 5.14 Temperature dependenee of the lasing photon energy of the EEL (cireles) 
representing the gain peak and VCSEL (triangles) representing the cavity mode
Results presented in figure 5.14 shows that Egp decreases with increasing temperature at the 
rate of- 0.28±0.02meV/K while the Ecm changes at a lower rate of 0.046±0.04meV/K. This 
shifts both the gain and the cavity mode to lower energies. In the measured temperature range 
of 80K to 320K, the Egp and Ecm in the VCSEL were estimated to align at T~ 330 ±10K. This 
yields a gain-cavity detuning of ~54meV at 80K and 8meV at 300K. It is observed in figure 
5.15 that the 1th in the VCSEL is higher at 80K than at 300K, considering the fact that non- 
radiative reeombination is reduced at 80K, the effects of E gp- E cm  detuning might be more 
important at lower temperatures (since the gain peak is narrower) than at higher temperature 
(T>300K). This explains the decreasing Ith as temperature increases from 80K to 220K.
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Figure 5.15 Temperature dependenee of Jth of VCSEL-3 Insets illustrates the expected gain 
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5.3.3.1 Pressure dependence of gain peak and cavity mode of VCSEL-3
Measuring the pressure dependence of the Eiase in EEL and VCSEL should also enable us to 
study the behaviour of Egp and Ecm- Pressure measurements were performed on VCSEL-3 in a 
similar way as explained in section 5.2.1.2. Eiase of VCSEL-3 was measured in ew while 
pulsed current source was used for the EEL. From hydrostatic pressure measurements, the E gp 
and Ecm are observed to be moving to higher energies but at different rates. The Egp is 
changing at the rate of 10.6±0.3meV/kbar while £cm changes at the rate of ~1.8±0.1meV/kbar. 
We find that the ratio of the rate of change of the VCSEL Egp and Ecm is ~ 6, thus further 
confirming our earlier assumption for estimation of Egp and Ecm in VCSEL-1. The effect of 
change in cavity mode with pressure or temperature is due to the a pressure/temperature 
induced change in refractive index while the change in gain peak is due the 
pressure/temperature induced change in bandgap, the latter is a more significant effect. At 
room temperature, the Egp and Ecm are extrapolated suggesting alignment at 
E'tee~0-481±0.003eV as shown in figure 5.16. This is in agreement with the Eiase alignment 
obtained from the temperature tuning of figure 5.14.
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Figure 5.16 Pressure induce gain peak-eavity mode shift. Extrapolated gain-cavity 
alignment at E'g~0.481±0.007eV at 293K.
5.3.3.1 The effect of detuning on the Ith of VCSEL-3
Pressure dependence of Ith in VCSEL-3 measured at 283K and 303K is presented in figure 
5.17. It is observed that at P=0, where Eqp> EcMhh decreases with increasing pressure but the 
effect of lager detuning at 283K causes Eh at 283K to increase stronger than is observed at 
303K. This further confirms the estimation that the Egp- Eqm alignment is at T>303K.
Having obtained the Eqp - E'cmalignment in the temperature range of 80K-320K where the Eh 
of the VCSEL is measured, a clear picture of what is happening to /?/,VCSEL-3 can be 
presented. Figure 5.18 presents the Eh (T) with insets to illustrate the detuning at different 
temperatures. It can be seen that the large detuning is mainly responsible for the temperature 
sensitivity of VCSEL-3 at temperatures below 200K. The increase in Eh at temperatures above 
240K is due to the increased contribution of non-radiative Auger recombination. The effect of 
Auger on the Eh is however compensated by the reduced detuning, thus explaining why the 
rate of increase of Eh above 240K is lower than the rate of increase of Eh observed below 
200K./this also influenced by narrowing of the gain bandwidth at lower temperatures which 
enhances detuning.
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Figure 5.18 Temperature dependence of Ith with inset to show the amount of detuning at 
different temperature ranges. Dashed line is extrapolated C/?(T) without the 
effect of Auger current.
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Between 200K and 240K, Ith is temperature insensitive and it is thought that the effect of 
detuning and Auger recombination balances up at this temperature range. The expected Ith {T) 
in these VCSELs without the effect of non-radiative recombination is extrapolated in the 
dashed line also shown in figure 5.18.The extrapolation is a guide to the eye and only shows 
the behaviour of Aac^ (T)as previously determined by direct measurement of radiative current 
[135]. The argument is that, since the gain-cavity alignment is necessary for lasing to occur in 
VCSEL, detuning will have an adverse effect on its performance.
There is a need to measure or calculate the gain of the VCSEL for more accurate analysis of 
the E g p  and E c m  tuning. This is because of the expected minor differences that might exist 
between the EEL and VCSELs. From the measurements and analysis presented here, both 
temperature and pressure dependence are in agreement and the effect of the detuning on the Ith 
can also be explained.
In VCSEL-3 multimode emission were also observed, but as explained in section 5.2.4, this 
may be due to strong coupling of higher order transverse modes which is aided by the strong 
index guiding provided by the BTJ. The effect of self heating in VCSEL-3 was not measured 
but can be inferred from results presented in section 5.2.5 and from other related result 
[141][117].
5.4 Com parison of VCSEL 1 ,2  and  3
The temperature dependence of the three VCSELs studied is presented in a figure 5.19. The 
temperature insensitive region for VCSEL-3 (emitting at 2.6pm) is estimated to be around 
220K while in VCSEL-2 is observed around 240K. In VCSEL-1 (emitting at 2.3pm), the 
result is not enough to conclude but it has been reported that the temperature insensitive region 
occurs at 263K. In VCSEL-1 and 2 IthiJ) increases sharper at T>270K than it does in VCSEL- 
3. This supports the results of gain peak cavity mode analysis for both VCSELs as shown in 
figure 5.20. For VCSEL-1 emitting at 2.3pm, it is estimated that the gain peak and cavity 
mode are aligned around 260±10K while for VCSEL-3 emitting at 2.6pm, the gain peak and 
cavity modes are estimated to align at a higher temperature of about 330±10K as shown in 
figure 5.20.
5-127
<N
E
Ü
S
■ VCSEL-1, Dg^j=5pm 
•  VCSEL-3 , Dg^j=8.5Mm 
A  VCSEL-2, D^^=^2^m
10
1
100 150 200 250 300 35050
T(K)
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Figure 5.20 Temperature dependence of gain peak- cavity mode alignment for VCSEL-1 
and VCSEL-3
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Experimental studies on EELs with nominally the same active region as these VCSELs 
(presented in chapter 4 of this thesis) have shown that Auger recombination dominates their 
Jth. There is also evidence of defect related recombination in both devices and hole leakage in 
the 2.6pm devices. These factors are also contributing to the Jth of these VCSELs; however 
the effect of gain peak and cavity mode detuning is stronger especially at temperatures below 
200K and 230K for VCSELs 3 and 2 respectively. Above these temperatures, the Jth of both 
VCSELs is seen to change faster due to a stronger effect of non-radiative recombination even 
though both the gain-peak and cavity mode are tuning-in.
In VCSEL-2, multimode emission is observe and attributed to the contribution of higher order 
transverse modes to lasing in this strong index guided VCSELs.
5.5 Sum m ary
VCSELs emitting at 2.3pm and 2.6pm have been studied. It has been shown that the 
temperature dependence of the Jh in both VCSELs is governed by the interplay of gain peak - 
cavity mode tuning and non-radiative Auger recombination. For VCSEL-1 emitting at 2.3 pm, 
analysis from temperature and pressure dependence of gain peak and cavity mode indicates 
that the gain peak and cavity mode are aligned around 260±10K. Similar analysis on 
VCSEL-3 emitting at 2.6pm estimate that the gain peak and cavity modes are aligned at a 
higher temperature of about 330±10K. The results on the VCSEL-1 have been compared with 
spectroscopy measurements on similar VCSEL wafers and both are in reasonable agreement. 
Since VCSEL-1 and 2 are similar structures, we expect a similar result. For both VCSELs, the 
effect of gain peak-cavity mode detuning at low temperatures causes the Jth to increase or 
change more rapidly. At higher temperatures, the effect of non-radiative recombination 
dominates that of detuning causing the Jth of both devices to also increase. The analysis also 
suggest that for more efficient VCSEL performance at ambient conditions, the temperature 
insensitive region of the ///j(T)curve could be shifted to room temperature by shifting the gain 
peak to higher energies relative to the cavity mode in each device at room temperature.
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6 Chapter six: 5-stage Interband cascade lasers emitting
at 4.1pm.
6.1 In troduction
This chapter presents experimental investigations carried out on 5-stage “W”-interband 
cascade lasers (“W”- ICLs) emitting in the wavelength range of 3.5pm at lOOK to 4.1pm at 
room temperature. The 3-5pm wavelength range is generally very important for sensing of 
environmental pollutants and for applications in medical diagnostics, infrared 
countermeasures, laser surgery, and gas detection. The “W” ICL has been used (when cooled 
to 8OK) for sensing of methane at 3.3pm [60]. It could also be used for diagnosis of diabetes 
(acetone at 3.4pm) and oxidative stress (ethane at 3.4pm). A more detailed report on the 
application of these mid-infrared lasers is presented in chapter one of this thesis.
6.2 S tructu re  of the 5 stage “W ” In te rband  cascade laser
The devices were grown at the Naval Research laboratory (NRL), Washington DC USA. 
Devices are measured as-cleaved with cavity lengths of 1.0, 1.5 and 2.0 mm, with ridge widths 
of 70, 90, and 110 pm. The active region of these devices is made of five repeating quantum 
wells of Alo.35Gao.65Sb/InAs/Gao.92Ino.08Sb/ InAs. This is a type-II broken gap band alignment, 
where electrons are confined in the InAs quantum well while the holes are confined in the 
GalnSb quantum wells. The ICL wafers were grown by molecular beam epitaxy on Te-doped 
(~1 X 10^  ^cm'^) GaSb substrates. The top and bottom cladding layers are made of superlattice 
(SL) of Si-doped InAs/AlSb with thickness of 2.3pm and 4.1pm respectively. A 0.3pm thick 
separate confinement heterostructure (n-SCH) made of Te doped GaSb is grown followed by a 
hole band layer made of a InAs/AlSb superlattice. The schematic structure of the “W”-ICL is 
shown in figure 6.1a. The detailed growth procedure and characterization for these devices are 
presented elsewhere [142] . It is a more complex laser structure compared to the GalnAsSb 
based devices presented in chapter four.
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Figure 6.1 Schematics structure of the “W”-ICL (a) showing detail of one cascade and an 
enlarged “W” QW with electron-hole transition and carrier path (b). 
Reproduced from ref [143].
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Through spatially indirect interband optical transitions electrons and holes recombine to 
produce photons. The electrons then tunnel through the InAs quantum well to the valence 
band of two GaSb hole injector quantum wells, where they scatter elastically into an 
InAs/AlSb superlattice to be injected into the next stage of the cascade [46]. This electron 
transfer is possible because of the InAs and GaSb energy overlap due to their type-II band 
alignment. The schematic of the electron-hole transitions and carrier path in the “W”-ICL is 
shown in figure 6.1b. The “W”-ICL design offers a lot of advantages including, reduced 
probability of the Auger process involving a hole and two electrons (CHCC) due to the lower 
in-plane mass for holes near the valence band maximum achieved by growing compressively 
strained layers. Also, the CHSH process is eliminated due to the large spin-orbit band 
separation obtained for the InAs/GalnSb quantum well type-II band alignment. The AlSb 
barriers effectively confine both electrons and holes, thereby minimising carrier leakage. The 
“W”-ICLs have therefore been the most promising candidates to cover the 2.9 to 4pm mid- 
infrared range.
Type-I GaSb based devices have been successfiilly demonstrated for room temperature (RT) 
operation to slightly beyond 3 pm [144] but emission beyond this wavelength is limited by 
poor hole confinement and Auger recombination. While MIR quantum cascade lasers (QCLs) 
operate in cw mode at ambient temperatures for wavelengths above 4pm [145], shorter 
wavelength QCLs tend to suffer from inadequate conduction band offset and inter-valley 
carrier scattering, which degrades their high temperature performance. A performance review 
of the “W” ICL is presented in section 1.3.5. Temperature and hydrostatic pressure 
dependence techniques have been used to study the recombination processes in these devices 
and to get more insight into the factors governing the temperature performance of the “W”- 
ICLs.
6.3 T em perature  dependence o f i n  “W ”-ICLs
Measurements were performed in an Oxford Instruments static gas exchange liquid nitrogen 
cryostat connected to an Oxford Instruments (3120) temperature controller regulating the 
temperature from 80 K to 320 K. The detailed experimental procedure used here is similar to 
that presented in section 3.3.The Ith (T) for three devices with different cavity lengths is 
measured from 80K to 300K in steps of 20K from which Jth is calculated. In figure 6.2 and
6.3, the Jth (T) for the three devices is presented. It is seen that while the measured threshold 
current density is extremely low at cryogenic temperatures, with a value of 4 A/cm^ at 78 K, it 
increases exponentially to more than 700A/cm^ at 300K. In other EELs lasers, like the ones
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reported in chapter 4, the Ith (T) changes less rapidly at r<200K than above 200K in the 
temperature range of 80K to 300K. However in these “W”-ICLs, the exponential temperature 
dependence of Jth is observed even at low temperatures as can be seen in figure 6.3.
Such super-linear behaviour is often associated with contributions by non-radiative current 
paths to the threshold current, which are normally expected to be minimal at the lower 
temperatures. Also, over this range temperature range the To of all the measured devices 
remained constant at % 45K, as shown in figure 6.4. It is difficult to match the performance of 
these “W” ICLs with other devices since they are the only reported diode laser candidates 
operating in cw at ambient conditions in this wavelength range [146], it should be noted that 
all measurements carried out here were done in pulsed mode. However, the high temperature 
sensitivity observed may imply that non-radiative recombination is dominating the Jth of these 
devices throughout the measured temperature range. Also, whatever the process is that is 
dominating or governing the temperature sensitivity, it is significant even at low temperatures. 
To gain further insight into the recombination processes, spontaneous emission measurements 
have been carried on these devices and are reported in the next section.
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Figure 6.2 Temperature dependence of Jth for three “W”-ICLs measured with 500ns, 
lOkHz pulses at 80K to 300K.
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Figure 6.3 Low temperature (T<200K) dependenee of Jth for deviees presented in figure 
6.2. The plot shows high temperature sensitivity even at low temperatures. 
Measured with 500ns, 10 kHz pulses at 80K to BOOK.
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Figure 6.4 Temperature sensitivity of Jth of the three deviees presented in figure 6.2, 
showing the ealculated Tq. An almost eonstant To is observed throughout the 
temperature range of 80-300K.
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6.4 Spontaneous emission measurement and analysis on W ICLs
Through spontaneous emission measurement and analysis, we ean estimate the pereentage 
contribution radiative and non-radiative contribution to the Jth for these devices. This was 
accomplished by measuring pure spontaneous emission out of plane (of the laser cavity) from 
a 100pm diameter window milled in the substrate of the laser chip. The detailed experimental 
procedure and analysis is presented in section 3.4.
6.4.1 Non pinning of carriers in “W”-ICLs
A graph of integrated spontaneous emission Lspon versus pump current for the “W”-ICL is 
presented in figures 6.5 and 6 .6. In figure 6.5, the Lspon-I curve shows an almost ideal shape 
above threshold as it would be in an ideal laser. Ideally, the carrier concentration should not 
increase above threshold such that any carrier injection above threshold is involved in the 
stimulated emission.
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Figure 6.5 Integrated spontaneous emission at temperatures 80K to 140K showing good 
pinning of Lspon-I curves. Arrows indicate the threshold current
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Good pinning is observed at temperatures from 80K to 140K. For temperatures of 160K and 
higher, the Lspon-I curve indicates a lack of pinning of the spontaneous emission as can be seen 
in figure 6 .6 . Non-pinning implies that the carrier concentration continues to increase above 
threshold, which will cause any n-dependent loss mechanisms to continue to increase, thereby 
decreasing the measured differential quantum efficiency of the devices. This effect is partly 
the reason for the significant decrease in //jat higher temperatures as is reported in section 6.3. 
Another notable feature in figure 6.6 is the strongly sub-linear Lspon-I characteristics at higher 
temperatures. Such a feature is an indication for the dominance of non-radiative recombination 
with a higher dependence on carrier density than spontaneous emission such as Auger 
recombination or carrier leakage.
6.4.2 Non-radiative recombination in W -IC L s
In section 3.4, it was shown that integrated spontaneous emission at threshold is proportional 
to the radiative current. Therefore, by measuring the Lspon at threshold the Jrad of the 
“W”-ICL is estimated. In this analysis, Jrad is assumed to at most, be equal to Jth at the lowest 
temperature and hence Jrad represents the maximum contribution of radiative recombination to 
the threshold current as a function of temperature. The result of this analysis over the 
measured temperature range is presented in figure 6.8. From this analysis it can be seen that 
Jrad has much weaker temperature dependence than Jth, even at the lowest temperature, 
confirming that a non-radiative process is responsible for the strong temperature dependence 
o f Jth observed even at T < 200K in figure 6.3. It is estimated that at least 83% o f Jth at 200K is 
due to non-radiative recombination. At 140K, non-radiative recombination accounts for >45% 
of Jth- This is in contrast to measurements on type-I lasers (like those reported in chapter four 
of this thesis) where Jrad is found to remain equal to Jth over a significant range at low 
temperatures. At room temperature at least 90% of Jth is due to non-radiative recombination. 
The specific non-radiative recombination process cannot be identified except through further 
investigation using hydrostatic pressure.
6-137
2  100
1 0 -
•
l.h
9 1 ,
rad
L^=1.5mm, w=90|4m 
10kHz, 500ns
80
I
>45%
I >93%n o n  ra d
>83%
120 160 200 
T(K)
240 280
Figure 6.8 Estimated maximum radiative component (red circles) of Lh in “W”-ICLs.
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6.5 Pressure dependence of threshold cu rren t density
The effects and application of applying hydrostatic pressure to a semiconductor laser has been 
explained in detail in section 3.4. Pressure causes a reversible increase of the direct band gap 
due to compression of the lattice. The experimental procedure is similar to that presented in 
section 3.4 and 4.5. Temperature dependent pressure measurements were performed using a 
closed cycle helium cryostat. The cryostat with temperature controller allows the pressure 
dependence to be measured at temperatures from 50 to 300 K. Experimental results at lOOK, 
200K and 293K are presented in figure 6.9. In these devices, pressure increases its band gap at 
the rate of 8.7meV/kbar. The “W” ICL employs the type-II broken gap band alignment where 
electrons are confined in InAs and holes in GalnSb and recombination processes are spatially 
indirect. The effect of pressure on these devices will therefore be due to combined effect of 
pressure on the two structures. The main effect is expected to will induce increased transition 
energies and hence photonic gap.
The normalised pressure dependence of threshold current of the “W” ICL is presented in
figure 6.9. It is observed that Ah at 293K and 200K and lOOK temperatures decreases with
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increasing pressure. Initially, the rate of decrease of threshold with pressure is similar for all 
temperatures from Okbar to approximately 4.5kbar. The decrease of Jh with pressure is an 
indication that Auger recombination is the dominant process and decreases with pressure. 
Secondly, the constant rate of decrease for all measured temperatures observed initially 
signifies that, the effect of Auger is equally important at low temperatures. This partly 
explains the almost constant temperature sensitivity observed in these devices in the measured 
temperature range. This may be related to a variation of the Auger recombination rate, 
although at this time it is not possible to assign a direct correspondence because the Auger 
coefficients extracted previously from ICL thresholds do not show strong dependencies on 
either temperature or bandgap [115].
In figure 6.10, the absolute values of pressure induced band gap dependence of Jth of the “W” 
ICL at lOOK, 200K and 293K are presented. It can be seen that at 0.40eV (corresponding to 
pressure of about 6kbar), the Jth begins to increase at lOOK. A similar effect was observed in 
an earlier study of ICLs emitting shorter wavelength and the result from earlier work by 
O’Brien et al at 138K is reproduced on figure 6 .10 (in pink) [115].
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Figure 6.10 Pressure induced band gap dependence of Jth at lOOK, 200K and 293K in “W’
ICLs. Measurements performed with 500ns, 10 kHz pulses
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Figure 6.11 E-k plot of active region of the “W”-ICLs at 300K. Plot excludes many valence
band states away from the zone centre. Also exact position of valence subbands
is uncertain due to poor knowledge of band parameters. (Private
communication from Igor Vurgaftman at NRL).
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The reason for the increase of Jth at reduced temperature is not clear at the moment. However, 
considering the complex band structure with many valence minibands it is thought that there 
may be resonances in the valence subbands that might promote both IVBA and Auger 
processes which will degrade the performance of these “W” ICLs. At the moment, there is 
insufficient knowledge of the band parameters in these “W”-ICLs, the experiments have also 
not provided detailed information to obtain a definite conclusion. The bulk band structure for 
these devices is shown in figure 6.11.
6.6 T em perature  dependence of the £'iase of “W ” IC L
Similar to other semiconductor devices like those presented in chapter 4 and 5, increasing 
temperature decreases the lasing photon energy and causes a change in emission wavelength 
of semiconductor lasers. The temperature induced change in lasing energy of the “W” ICL and 
the corresponding wavelength tuning with temperature is presented in figure 6.12. It can be 
seen that the Eiase decreases fi-om ~0.35eV at lOOK to 0.3leV at 300K changing the device 
wavelength from 3.5pm at lOOK to 4.1pm at 300K. The experimental data fit well with the 
Varshni equation.
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Figure 6.12 The effect of temperature on (a) bandgap energy and (b) the corresponding 
wavelength change of the “W” ICL. Æ^iase(T) fitted with Varshni equation 
(Fitting parameters; a=2.110 xlO'^, P=117 and Eq= 0.352eV).
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6.7 E x te rn a l  d ifferential efficiency
The slope of the L-I curves above threshold for the 1mm and 2mm long devices has been 
determined for the 80 K to 300 K temperature range and presented in figure 6.13. As 
explained in section 2.13.2, the slope of the L-I curve above threshold is proportional to the 
external differential quantum efficiency rjd. It can be seen (figure 6.14) that the differential 
quantum efficiency decreases by a factor of 3 with increasing temperature from 80 K to 300 
K. This decrease could be due to non-pinning effects as explained in chapter four or it may 
suggest the occurrence of optical loss processes such as IVBA involving other valence 
subbands other than the spin orbit split-off band. Internal quantum efficiency decreases if the 
carrier concentration is not pinned at threshold causing a decrease in differential efficiency. 
These results agree with measurements performed at NRL on similar devices [128, 147].
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Figure 6.13 L-I characteristics of “W” ICL measured in the temperature range of 80K-300K 
in steps of 20K.
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Details about the IVBA process are presented in section 2.10.4. For the case of non-pinning, 
the effect may be similar to the explanation given in section 4.3 on GalnAsSb-based type-I 
devices. Thus if n is increasing above Ith then the Auger recombination current increases by n 
and hence the internal efficiency decreases with increasing current above threshold, the 
external differential efficiency to decrease. Previous cavity length studies on similar devices 
[128, 147] show that the internal efficiency of these devices decreases to about 50% -60% at 
275K. Also, it has been shown that the internal losses in these devices increase by more than a 
factor of two on increasing the temperature from 78K to 275K [128]. All these factors could 
contribute to the underlining issues leading to the decreasing rjd with temperature. Pressure 
dependence measurements of ^ ^/were carried out at 293K. Figure 6.15 shows that at 293 K the 
slope efficiencies of the present ICLs increase by more than a factor of 2.5 with increasing 
pressure.
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Figure 6.14 Normalised slope efficiency of two “W” ICLs (in red and black symbols). A 
decrease of about a factor of 3 is observed between 80K and 300K. 
Measurement done with 500ns, 10 kHz pulses. Results agree with data from 
NRL shown in blue.
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Figure 6.15 Normalised pressure dependence of slope efficiency of the “W” ICL (1mm 
x70m) device measure at 293K. Observed increase with increasing pressure 
which increases the band gap of the device.
Since pressure increases the band gap of diode lasers, it may mean that a band gap dependent 
optical loss process is being put out of resonance. Possibly, a shift in energy alignment of the 
valence sub-bands participating in IVBA may also play a role. The large increase in slope 
efficiency with pressure implies some reduction of the internal losses. Also, since free carrier 
absorption processes influence the loss, one factor may be the reduction of the threshold 
carrier concentration, or suppression of the increase in carrier density above threshold 
(improved pinning). One does not expect an appreciable change in offset of the conduction 
band confinement energies because InAs and AlSb have identical pressure coefficients of 10.1 
meV/kbar [115].
6.8 Sum m ary
The performance of 5-stage “W” ICLs has been studied using temperature and hydrostatic 
pressure techniques. These devices are found to be temperature sensitive with an almost 
constant To of ~45±2K in the temperature range of 80K to 293K. It has been shown through 
spontaneous emission measurements and analysis that non-radiative recombination dominates 
the current density of these “W” ICL and may be responsible for their high temperature
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sensitivity. The threshold current of the “W” ICL is observed to decrease with increasing 
pressure; this effect is consistent to a decrease in Auger recombination. The rate of decrease of 
threshold with pressure at 293K and 200K and lOOK is similar (from Okbar to approximately 
4.5kbar). This further supports the fact that Auger recombination is the dominating current 
path at these temperatures and may have a similar effect on the threshold current of the “W” 
ICL at both low and high temperatures. The CHCC Auger process is reduced in these “W” 
ICL due to their lower in-plane mass for holes near the valence band maximum and the CHSH 
process is eliminated due to the large spin-orbit band separation obtained for the InAs/GalnSb 
type-II quantum well band alignment, but due to the complex VB there is a possibility that the 
CHLH Auger process may be occurring will. Evidence of an optical loss process in these “W” 
ICL has been observed as rj^  is found to decrease with temperature by a factor of 2.5 from 80K 
to 300K. It is thought that while non-pinning of the carrier concentration above threshold is 
partly responsible for the decreasing differential efficiency especially at higher temperature (T 
> 160K), IVBA is also suspected to be occurring considering the fact these “W” ICL pin very 
well above threshold at low temperatures (T < 160K). It can concluded that Auger 
recombination is still very important and combines other factors such as IVBA to degrade the 
performance of “W”-ICLs operating at the wavelength of 3.5pm to 4.1pm.
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7 Chapter seven: Summary and conclusion
The main aim of this research work was to experimentally investigate the physical properties 
of mid-infrared emitting semiconduetor lasers. Lasers emitting at the wavelength range of 
2.3pm to 4.1pm have been identified to be very useful in the fields of medicine, 
environmental sensing, military, free space communication and numerous industrial 
applications. Effort is being made by several groups in the world to develop and grow devices 
operating in this wavelength range in cw and at or above room temperature.
Three device types were investigated; (1) GalnAsSb based type-I interband quantum well edge 
emitting laser (EELs) emitting at 2.3 pm and 2.6pm at room temperature, (2) GalnAsSb based 
type-I interband quantum well vertical cavity surface emitting lasers (VCSELs) emitting at 
2.4pm and 2.6pm at room temperature and (3) InAs/GalnSb type-II “W” Interband cascade 
edge emitting lasers emitting at 4.1 pm at room temperature.
Experimental result and analysis on GalnAsSb-based type-I interband quantum well lasers 
emitting at 2.3pm and 2.6pm were presented in chapter four. Results show that Jth of both 
devices is temperature sensitive due to the dominance of non-radiative current with increasing 
temperature. From spontaneous emission measurement and analysis it is found that in the 
2.3pm and 2.6pm EELs, non-radiative current accounts for at least 81% and 97% of Jth 
respectively at room temperature. It has been shown that monomolecular recombination is 
occurring in these devices with Z~1.0±0.2 at 80K and it takes up to 56% and 76% of threshold 
current of the 2.3pm and 2.6pm EELs respectively. In the 2.6pm EELs, there is evidence of 
carrier leakage from Z analysis with Z~3.3±0.4 at 300K. The VB offset of the 
GalnAsSb/GaSb quantum well in the 2.6pm EEL being small (~54meV) is a possible route for 
hole leakage at elevated temperatures. Also it is found that the 2.6pm device is more 
temperature sensitive with a To value of 37±2K compared to 59±3K obtained 2.3pm at 200K 
<T < 300K. To analysis on both devices shows that above 200K, their temperature sensitivity 
is determined by Auger reeombination. However in the 2.6pm devices an optical loss process 
such as rVBA is important. The differential efficiency of both the 2.3 pm and 2.6pm devices is 
also found to be decreasing with increasing temperature and may be due to non-pinning of 
carriers above threshold in both devices. A sharper deerease of rj^  is observed in the 2.6pm 
devices implying that an optical loss process such as IVBA may be occurring consistent with 
the decreasing To with temperature. The threshold current of these devices is found to decrease 
with increasing pressure, an effect that is consistent with decreasing Auger recombination in
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semiconductor lasers. It is shown that at P=4kbar and 293K, the Ith of the 2.6pm devices 
decreases by about twice more than the Ith of the 2.3 pm. This also confirms that Auger 
recombination is more dominant in the 2.6pm EELs. The experiment has also shown that the 
2.6pm device can be tuned to emit at 2.3 pm with a reduced threshold current and improved 
temperature sensitivity due to the reduce auger current.
In chapter five, results on 2.3pm and 2.6pm VCSEL are presented. It is shown that, apart fi-om 
the intrinsic effects of Auger recombination, defects and carrier leakage, the gain peak and 
cavity mode detuning plays a major role in the temperature performance of these VCSELs. 
For VCSEL-1 emitting at 2.3 pm, it is estimated that the gain peak and cavity mode are aligned 
around 260±10K. The results on the operating VCSELs have been compared with 
spectroscopy measurement and both results are in reasonable agreement. Also, it is found that 
the threshold minimum of the VCSEL-I occurs below the temperature where the gain peak 
and cavity modes are aligned. Analysis of the temperature and pressure dependence of the 
cavity mode and gain peak suggest that for the threshold minimum to occur at room 
temperature, the gain peak should be offset to higher energies by -lOmeV.
For VCSEL-3 emitting at 2.6pm, the gain peak and cavity modes are estimated to align at a 
higher temperature of about 330±10K. The analysis also suggests that for more efficient 
VCSEL performance at ambient conditions, the temperature insensitive region of the 
///,(T)curve (at T~220±10K) could be shifted to room temperature by shifting the gain peak to 
higher energies (~8meV) relative to the cavity mode in each device at room temperature.
Chapter 6 contains report on the performance of 5-stage “W” ICLs. These devices are found to 
be temperature sensitive with an almost constant To of ~45K in the temperature range of 80K 
to 300K. It has been shown through spontaneous emission measurements and analysis that 
non-radiative recombination accounts for at least 93% of threshold current at 300K. At 200K, 
at least 83% of 7th is due to non- radiative current. This implies that whatever is responsible for 
this high temperature sensitivity is also important at low temperature. The threshold current of 
the “W” ICL is observed to decrease with increasing pressure; this effect is consistent with a 
decrease in Auger recombination. This further supports the fact that Auger recombination is 
the dominating current path of “W” ICL at both at both temperatures. At lOOK, Jth initially 
decreases with pressure but goes through a minimum at p~6kbar. This effect has previously 
been attributed to the onset of IVBA but is yet to be proved. Since the CHCC Auger process is 
reduced in these “W” ICL due to their lower in-plane mass for holes near the valence band 
maximum and the CHSH process is eliminated due to the large spin-orbit band separation
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obtained for the InAs/GalnSb type-II quantum well band alignment, the dominant Auger 
process occurring may be the CHLH. Evidence of an optical loss process in these “W” ICL 
has been observed as their r]^  is found to decrease with temperature by a factor of 2.5 from 
80K to 30OK. It is thought that while non-pinning of the carrier concentration above threshold 
is partly responsible for the decreasing differential efficiency especially at higher temperature 
(T>160), IVBA is also suspected to be occurring considering the fact these “W” ICL pin very 
well above threshold at low temperatures (T<160K). Also, rjd is increasing with pressure 
(bandgap); this implies that a band gap dependent loss process is being set out of resonance as 
pressure is increased. It can be concluded that Auger recombination is the main non-radiative 
recombination process oceurring in the “W”-ICLs operating at the wavelength of 3.5pm to 4.1 
pm.
7.1 F u tu re  w ork
For the type-I quantum well EEL emitting at 2.3pm and 2.6pm it will be interesting to model 
their band structure to know the exact energies of the valenee subbands. This will provide a 
better understanding of possible resonances that will support Auger recombination or IVBA in 
these GalnAsSb based type-I QW lasers.
For the studied VCSELs, more spectroscopy measurements need to be carried out to be able to 
identify the exact position of the cavity mode. Angular and temperature dependence photo 
reflectivity measurements on the VCSEL will serve this purpose. It will also be useful to 
measure the quantum well transition for the VCSEL-3. Modelling of the gain spectrum of the 
VCSELs will provide information about the gain bandwidth at different temperatures. This 
will provide a better understanding of the effect of gain narrowing on detuning and on the 
VCSEL performance.
For the “W” ICL more research is needed to provide further clarification on the specific non- 
radiative process that is dominating in these devices and to unravel the reasons for the non­
pinning of carrier above threshold at higher temperatures. Measuring the spontaneous 
emission spectrum of these “W” ICLs will also provide key information for more analysis. 
This was a challenge during this study since the FTIR could not be used to measure the 
spectrum because of a high intensity background signal that was observed at the 3 pm to 4pm 
wavelength range. In particular, it will be interesting to complete investigations (in progress)
7-148
of the physical properties of the most recent state-of-the-art ICLs, which have demonstrated a 
substantial improvement in performance [66] .
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4.1 Growth details of 2.3 jim EELs
Dopina Dooina Thickness Laver
Pairs L o o d s Material Material Concentration In ml Description
1 1 GaSb Te 5.00E+17 50.00 Puffer
1 6 AlSb Te 2.50E+18 0.06 Grading
1 6 GaSb Te 2.50E+18 0.44 -
1 6 AlSb Te 2.50E+18 0.09
1 6 GaSb Te 2.50E+18 0.41
1 6 AlSb Te 2.50E+18 0.15
1 6 GaSb Te 2.50E+18 0.35
1 6 AlSb Te 2.50E+18 0.20
1 6 GaSb Te 2.50E+18 0.30
1 1 Ga50Al50As4Sb96 Te 2.20E+17 2000.00 Waveguide
1 6 AlSb Te 2.50E+18 0.20 Grading
1 6 GaSb Te 2.50E+18 0.30
1 6 AlSb Te 2.50E+18 0.15
1 6 GaSb Te 2.50E+18 0.35
1 6 AlSb Te 2.50E+18 0.09
1 6 GaSb Te 2.50E+18 0.41
1 6 AlSb Te 2.50E+18 0.06
1 6 GaSb Te 2.50E+18 0.44
1 1 GaSb Te S.OOE+17 300.00 Waveguide 2
1 6 AlSb Te 2.50E+18 0.06 • Grading
1 6 GaSb Te 2.50E+18 0.44
1 6 AlSb Te 2.50E+18 0.09
1 6 GaSb Te 2.50E+18 0.41
1 6 AlSb Te 2.50E+18 0.15
1 6 GaSb Te 2.50E+18 0.35
1 6 AlSb Te 2.50E+18 0.20
1 6 GaSb Te 2.S0E+18 0.30
1 1 Ga50Al50As4Sb96 Te 5.00E+17 60.00 Confinement
1 1 GaSb Te 2.50E+18 0.64 Anti-Oxid
1 1 Ga67A!33As3Sb97 0.10 Barrier
1 2 Ga67Al33As3Sb97 8.00 Barrier
1 2 In30Ga70As4Sb96 11.00 QW
1 1 Ga67Al33As3Sb97 8.00 Barrier
1 1 GaSb 0.53 Anti-Oxid
1 1 Ga50Al50As4Sb96 SI 5.00E+17 60.00 Confinement
1 6 AlSb Si 2.00E+18 0.20 Grading
1 6 GaSb Si 2.00E+18 0.30
1 6 AlSb Si 2.00E+18 0.15
1 6 GaSb Si 2.00E+18 0.35
1 6 AlSb Si 2.00E+18 0.09
1 6 GaSb Si 2.00E+18 0.41
1 6 AlSb Si 2.00E+18 0.06
1 6 GaSb Si 2.00E+18 0.44
1 1 GaSb Si l.OOE+18 300.00 Waveguide 2
1 6 AlSb Si 2.00E+18 0.06 Grading
4.1 Growth details o f 2.3 jam EELs
1 6 GaSb Si 2.00E+18 0.44
1 6 AlSb Si 2.00E+18 0.09
1 6 GaSb Si 2.00E+18 0.41
1 6 AlSb Si 2.00E+18 0.15
1 6 GaSb Si 2.00E+18 0.35
1 6 AlSb Si 2.00E+18 0.20
1 6 GaSb Si 2.00E+18 0.30
1 1 Ga50Al50As4Sb95 Si 5.00E+17 2000.00
1 6 AlSb Si 2.00E+18 0.20
1 6 GaSb Si 2.00E+18 0.30
1 6 AlSb Si 2.00E+18 0.15
1 6 GaSb Si 2.00E+18 0.35
1 6 AlSb Si 2.00E+18 0.09
1 6 GaSb Si 2.00E+18 0.41
1 6 AlSb Si 2.00E+18 0.06
1 6 GaSb Si 2.00E+18 0.44
1 1 GaSb Si l.OOE+20 50.00
Waveguide
Grading
Kontaktschicht
4.2 Growth details o f 2.6|rm EELs
Dopine Thickness
Pairs Loops Material Material Dopina Concentration fnml Laver Description
1 1 GaSb Te 2.00E+18 10.00 Kompensation Defekte
1 1 GaSb Te S.OOE+17 50.00 Puffer
1 6 AlSb Te 2.50E+18 0.06 Grading
1 6 GaSb Te 2.50E+18 0.44
1 6 AlSb Te 2.50E+18 0.09
1 6 GaSb Te 2.50E+18 0.41
• 1 6 AlSb Te 2.50E+18 0.15
1 6 GaSb Te 2.50E+Î8 0.35
1 6 . AlSb Te 2.50E+18 0.20
1 6 GaSb Te 2.50E+18 0.30
1 1 Ga50AI50As4Sb95 Te 2.20E+17 2000.00 Cladding
1 1 • Ga90All0AslSb99 400.00 Confinement/Waveguide
1 1 GaSb 0.64 Anti-Oxid
1 1 GaSb 0.10 Barrier
1 1 GaSb 8.00 Barrier
1 1 ln43Ga57Asl4Sb86 10.00 QW
1 1 GaSb 8.10 Barrier
1 1 GaSb 0.43 Anti-Oxid
1 1 Ga90All0AslSb99 400.00 Confinement/Waveguide
1 1 • Ga50Al50As4Sb96 Si 5.00E+17 2000.00 Cladding
1 6 AlSb Si 2.00E+18 0.20 Grading
1 6 GaSb Si 2.00E+18 0.30
1 6 AlSb Si 2.00E+18 0.15
1 6 GaSb Si 2.00E+18 0.35
1 6 AlSb Si 2.00E+18 0.09
1 6 GaSb Si 2.00E+18 0.41
1 6 AlSb Si 2.00E+18 0.06
1 6 GaSb Si 2.00E+18 0.44
1 1 GaSb Si l.OOE+20 50.00 Kontaktschicht
1 10 Ga90All0AslSb99 Si l.OOE+18 2.04
5.1 Details of TO header on which the VCSEL was packaged.
HEADER SCHEMATICS (dim ensions: m m ) 
Serial No. A o ô O S ? ?  @
Type GaSb-VCSEL TEC
Page 2 \2  
Date;
Qq.44. z o io
O .S 1  ± 0 . 0 5
PIN ASSIGNMENT 
(BOTTOM VIEW)
PIN I FUNCTION
1 I TEC 4-
LD
LD Anode
4  5 Thermistor
— Thermistor
TEC -
T E CP /
0.9AI max
0.9VUmax
Thermistor lOkOhm at 25°C
Stelnhart-Hart-Coefficlents
1.215553e-03.
2.1Q2519e-Q4
1 .524069e-07
General notes and recommendations
This product is a class SB laser product and emits invisible laser radiation. Do not expose 
eyes to this laser beam, as it may be harmful to the eye.
Do not operate or store this product beyond the specified operating or storage conditions.
Doing so may damage the product and VERTILAS does not assume any responsibility or 
warranty in this case.
Any product that is supplied In a non-hermeticaliy sealed package is subject to limited 
warranty. A non-hermetically sealed VCSEL is potentially exposed to hazardous conditions, such 
as moisture, gases, physical damage, in the customer application, that may damage the product 
or alter its performance. VERTILAS does not assume responsibility in this case.
Handle and operate this product with care. VCSEL products are sensitive, and can be easily 
damaged, e.g. by electro-static discharge, supply power peaks, signal peaks, overload and other 
operating or storage conditions. Failing to prevent these conditions may damage the product and 
VERTILAS does not assume any responsibility or warranty in this case.
This specification is subject to change without prior notification. The information is believed to 
be correct and accurate at the time of printing. However, VERTILAS does not take responsibility 
for ommissions or inaccuracies.
VERTILAS general terms and conditions apply. They can be viewed on the VERTILAS 
website at www.vertilas.com or we can send them on request.
VERTILAS GmbH
Lfchtenbergstrasse 8 Tel.: +49 (0)89 54 84 20-00 SaSes Requirements: sales@vertilas.com
c/o Gate Garching Fax: +49 (0)89 54 84 20-19 Further information; lnfo@vertiIas.com
D-85748 Garching www.vertilas.com
